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Abstract 
 
Santa Clara University’s 2011-2012 Solar-Powered Water Purification System team is 
developing a solution to create a water distillation system, heated by solar troughs and solely 
powered by photovoltaic (PV) panels that can produce clean, drinkable water. This device would 
balance cost and efficiency to be marketable to lower-income locations, such as developing 
countries that suffer from shortages of clean water. In accomplishing this, the team will ensure 
that the system is sustainable and requires minimal maintenance. 
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Section 1: Introduction 
 
1.1 Project Background 
 
The Institute of Medicine panel (part of the National Academy of Sciences) suggests that the 
average human consumes roughly eight cups of water per day to maintain a healthy lifestyle [1]. 
To citizens of the United States, this doesn’t seem difficult to accomplish because running water 
is widely available. The abundance of fresh flowing water is common in developed nations, but 
is a privilege rarely experienced by those in the developing world. In fact, the shortage of water 
is a growing concern in many parts of the world, especially in developing or impoverished 
countries.  It is ironic that such an issue could exist when over 75% of the Earth’s surface is 
covered by water.  However, a vast majority of that water is ocean water, which has a salinity 
level that is too high for human consumption. Through proper water desalination, the ocean can 
be a promising source of water, which could adequately provide for this growing need. 
 
Currently, large investments are necessary for efficient, large-scale desalination systems which 
developing countries do not have. Unfortunately, these are the countries with the greatest need 
for fresh drinking water, as many of their current water sources are contaminated or insufficient 
in supply. As a result, 1.8 million people die from waterborne diseases every year [2].  Purifying 
water is a crucial process for drinking safety and requires not only removal of inorganic material 
but also bacterial treatment.     To address this problem, there are numerous ongoing efforts to 
provide fresh water for impoverished communities.  In Africa, many of these projects involve 
drilling wells to tap into the groundwater [4].  However, groundwater in Africa is limited and 
these wells must be dug deeper as the resource becomes depleted over time [5].  Therefore, 
alternative sources such as ocean water can supplement the substantial clean water demand 
and alleviate the reliance on groundwater.  
 
A desalination system removes the salt from ocean water, transforming it into potable water 
through one of many purification processes. Distilling, or boiling the dirty or salty water to 
produce clean vapor that is then condensed back to water, is perhaps the simplest technique.  
The process requires boiling salt water at temperatures over 100 °C, a temperature at which 
bacteria is killed.   Therefore, it is worthwhile to pursue an efficient yet low-cost desalination 
system that will increase the potential for widespread application for water purification.  A 
desalination system can work in conjunction with the tapped wells to help alleviate hardships felt 
by the lack of clean water, not only in developing nations, but also in countries around the world. 
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1.2 Design Lineage 
 
The Solar-Powered Water Purification System has been a part of the Santa Clara University 
Senior Design Conference series since 2006. Each consecutive team has built upon the 
successes of the previous team, utilizing the idea of solar thermal collection to provide the 
energy necessary for the water purification process. Due to the overly complex, expensive, and 
inefficient qualities of the past systems, the process has yet to be fully enhanced and achieve its 
maximum potential for clean water production. A major aspect of previous teams’ designs was 
incorporating a vacuum pump to the system to effectively lower the pressure of the salt water in 
the boiler, thereby lowering the boiling temperature.  In doing so, less energy would be needed 
to heat the water to the desired lower boiling point.  Team Clean Water of 2011 pushed this 
concept, and was able to produce 11 liters of water per day.  However, the system was never 
truly capable of maintaining the low-pressure requirement because leaks plagued the piping 
throughout the boiler and condenser; therefore, new ideas to reach the boiling point were 
considered. Professor Drazen Fabris, who advised the 2010-2011 Team Clean Water, along 
with Professor Abdlmonem Beitelmal, presented this project to the class during the 2011 Junior 
Convocation. Six members signed up to work on the project: Alina Carlson, Reece Kiriu, 
Andrew Nosé, Christopher Sugii, Erin Taketa, and Alex Tamai. 
  
1.3 Statement of Project Goals 
 
The major objective of the team’s Solar-Powered Water Purification System is to produce clean, 
drinkable water using a simplified system that powered solely by the sun.  To become a 
marketable, worldwide product, the system must be portable and durable enough to transport 
through all terrains and conditions over long periods of time.  In addition, it should be 
inexpensive and user-friendly.  Finally, for ease of shipping and transportation, the system 
should be able to fit in a standard shipping container. The combination of the system design 
constraints and objectives provide a strong base for the system to build upon in order to provide 
developing communities with clean drinking water.  This system will contribute to the overall 
health and quality of life of those who lack clean drinking water resources.  Utilizing solar 
parabolic trough designs, concentrated solar power is used to fuel active distillation of salt water 
by means of evaporation. The water vapor is condensed back into liquid form, thereby creating 
purified, clean water. 
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Section 2: System Level Analysis 
 
2.1 Customer Needs 
 
The team sought to design a solar-powered water purification system that not only maximized 
water production, but would also meet the needs of the potential consumers of the product.  The 
potential consumer market includes developing countries near coastal regions, and disaster 
relief agencies.  In order to more adequately design the system, the team interviewed Professor 
Steven Chiesa of Santa Clara University, Peace Corps volunteers, and the Santa Clara 
University President of Engineers Without Borders, Ashley Ciglar.  Through the interviews, the 
team discovered important issues with regards to water purification and the targeted market. 
 
Professor Steven Chiesa, a Civil Engineering professor at Santa Clara University, provided 
valuable insight regarding water purification in general.  Since the team’s targeted market 
includes coastal communities, it is important to be aware that ocean water could contain algae 
and microorganisms even after the distillation process.  This could be remedied by introducing a 
pre-filtration process, via ultraviolet lights, or by heating the water to temperatures much higher 
than the boiling point.  In addition, the ocean water could also contain volatile chemicals, such 
as solvents and industrial chemicals.  These chemicals could be very detrimental to the system, 
as it could cause the boiler to explode.  Therefore, pre-filtration is needed prior to the purification 
process if the ocean water is contaminated with chemicals. 
 
The remaining interviews, conducted with the Peace Corps volunteers and Ashley Ciglar, 
provided insight for the lifestyle of Hondurans and Guatemalans.  The interviews were 
particularly useful for gaining information on the targeted consumer groups.  A major problem 
brought to the team’s attention is that, although developing countries already possess filtration 
systems, they do not always know how to operate these systems. In addition, many local 
residents do not maintain or even use the foreign systems after the provider leaves.  It is, 
therefore, very important for the team’s system to be simple, easy to operate, and require little 
to no maintenance. 
 
The interviews yielded important aspects that needed to be considered and incorporated into 
the new system.  Table 1 summarizes the most important information obtained from the 
interviews.  A Project Design Specification (PDS) report (Appendix L) was generated to identify 
goals for various elements of the system.  In addition, a Quality Function Deployment (QFD) 
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report (Appendix J) was created to match the customer needs with the engineering targets.  
Based on this report, the needs of the customer have been addressed, while also creating a 
system that is thoughtfully engineered. 
 
Table 1: Summary of customer needs and market research from conducted interviews 
 
 
 
2.2 System Concept and Sketch 
 
The system acts similarly to that of the water cycle: water evaporates in one area (leaving 
contaminants behind) and condenses as clean water in another area.  A simple schematic can 
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be seen in Figure 1.  Because this project is intended for coastal communities, an abundant 
supply of brine water should be readily available. While not in use, the solar troughs should be 
covered or sheltered from direct sunlight.  Protecting the troughs from the sun is important 
because, if left in direct sunlight while the system is not operating, the heat transfer fluid (HTF) 
along the length of the troughs will continue to pick up heat, potentially reaching temperatures 
that begin to damage system components. The insulation had the lowest temperature rating of 
120 °C, and therefore was the maximum temperature the system could reach.  
 
 
Figure 1: A general schematic utilizing solar energy to boil and distill salt water 
 
At system start-up, the saltwater, originally stored in the saltwater storage tank, flows into the 
boiler, filling it just above the level of the heat exchanger (HEX).  Two float switches located 
inside the boiler control the opening and closing of a solenoid valve (controlling the flow of salt 
water into the boiler).  A combination of two float switches and a solenoid valve maintain the 
water level in the boiler, preventing the boiler from overflowing or running dry. 
 
Within the hot loop of the system, a specifically chosen HTF, known as Duratherm-450, 
circulates through the troughs, picking up energy from the concentrated solar power.  The fluid 
then flows through the HEX inside the boiler, giving off the energy as heat to the salt water.  As 
the salt water reaches the target temperature of 100°C, it boils and causes a vapor pump to 
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switch on.  The vapor pump pulls the newly formed water vapor from the boiler, directing it to a 
helical coil condenser located inside the salt-water storage tank.  Heat will leave the condensing 
vapor to preheat the salt water in the salt-water storage tank.  The condensed vapor liquefies 
and is collected in a clean water storage tank.  The overall concept is based on the 2010-2011 
Team Clean Water’s design.  However, the new design incorporates changes that are expected 
to improve the system’s efficiency. 
 
2.3 Functional Analysis 
 
2.3.1 Functional Decomposition 
 
The Solar-Powered Water Purification System functions to remove chemical and microbial 
impurities from salt water through the use of solar energy.  The use of sustainable energy 
sources creates an environmentally friendly and self-contained system that can be used in a 
wide range of locations.  The system itself is comprised of seven main sub-components: solar 
collector, HEX, salt-water storage tank, clean water storage tank, boiler, condenser, and system 
pumps. 
 
Solar thermal collection is accomplished through the use of two custom-built solar troughs.  
These troughs use a parabolic mirror to focus sunlight on the focal length of the trough.  The 
focused sunlight heats a HTF, which is simultaneously pumped through the system’s hot loop 
and into the boiler.  The heat is transferred from the hot loop to the salt water in the boiler 
through the use of a helical coil configuration HEX.  This heat transfer allows for the salt water 
to reach boiling and begin the evaporation process. 
 
The saltwater storage tank and clean water storage tank function as reservoirs for the salt-water 
and clean water, respectively; the tanks eliminate the need of constant refilling or emptying.  
The saltwater storage tank feeds a supply of water into the boiler of the system.  The boiler is a 
vessel in which distillation occurs.  Saltwater is heated to boiling temperatures that cause it to 
evaporate within the boiler.  The water vapor is then pulled into a condenser.  The condenser is 
a helical tube located inside the salt-water storage tank.  The cold saltwater within the saltwater 
storage tank cools the hot water vapor.  This causes the vapor to condense into liquid that is 
collected in the clean water storage tank.  The condenser also serves to preheat the saltwater 
entering the boiler, minimizing heat loss and increasing the overall efficiency of the system. 
 
The flow of fluids throughout the system is made possible through the use of system pumps.  A 
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vapor pump is used to pull the water vapor from the boiler through the condenser.  A HTF pump 
is used to circulate the HTF through the solar thermal collection loop. The two pumps are 
powered through the use of a PV panel. 
 
2.3.2 Input and Outputs 
 
The system has two inputs: salt water, and solar energy (in both thermal and electrical form). 
The source of the salt water was assumed to be 35,000 ppm, which is a  typical salinity level for 
the ocean [1].  It enters the system from the saltwater storage tank to be boiled. Solar energy is 
provided through the sun, and was assumed to be 850 W/m2.  By utilizing the sun for thermal 
and electrical power, the system’s energy requirements are fulfilled and allow for a completely 
sustainable design. 
 
The system has two outputs: clean water, and thermal energy. The clean water is obtained 
through the condensation of water vapor through the condenser. There is an abundance of 
thermal energy carried within the water vapor as it leaves the boiler. Therefore, by placing the 
condenser in the salt water storage tank, a preheating process can occur. The heat is 
transferred from the vapor to the salt water before it enters the boiler.  Although some thermal 
energy is lost to the environment, this was minimized using insulation. 
 
2.4 Benchmarking Results 
            
In order to better understand the key features that need to be applied to the system, three 
commercially available systems were researched and analyzed.  It was found that each of the 
three systems possessed valuable features; however, they also lacked other important aspects.  
By integrating characteristics of these three systems, this year’s team will create a revolutionary 
Solar-Powered Water Purification System. 
 
2.4.1 SwissINSO Holdings, Inc.’s Krystall 
 
The Krystall, by SwissINSO Holdings, Inc., is a patented reverse osmosis and membrane filter 
system, consisting of two standard 40-foot shipping containers (Figure 2).  Water is pretreated 
by the unique membrane filter system (a sand filter and a secondary filter) before it is treated by 
reverse osmosis.  High performance PV panels power the Krystall, and a battery bank stores 
excess energy that can be used when there is no sun.  Additionally, a diesel back-up generator 
powers the system during extended periods with little or no sun.  This fully autonomous system 
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is completely off the grid and uses no chemicals.  Although the system is able to produce up to 
98,421 liters (26,000 gallons) of purified water per day, the system is bulky, immobile, and it 
comes at a price tag of $1,200,000.  The system cost is extremely high and is unrealistic for 
developing countries with limited funds.  Based on a ten-year life span, the cost per liter of the 
Krystall system is $0.003/liter. Although the cost is very low, a large initial payment must be 
made.  In addition, the price indicated does not include the start-up cost, maintenance, the cost 
of diesel or the cost of replacement filters.  Another major downfall of the system is that the 
filters need to be changed out once every 4-5 years, which is problematic as education is limited 
in developing countries. 
 
Figure 2: Representation of the Krystall by SwissINSO Holdings, Inc. 
(http://www.swissinso.com/products/krystall.html) 
 
2.4.2 Trident Device’s H2All Mobile 
 
H2All Mobile, by Trident Device, is a hybrid system that utilizes standard, ultra, and nano-
filtration to purify water (Figure 3).  This system is capable of removing salt, dirt, silt, bacteria, 
cysts, parasites, viruses, and other contaminants using this multi-stage process.  A photovoltaic 
panel supports all of the system’s electrical needs, taking the H2ALL Mobile completely off the 
grid.  The H2ALL Mobile system also incorporates a collapsible, 2,500-gallon bladder-type 
storage tank that makes its easily portable.  The system’s heavy-duty wheels enable it withstand 
the harshest elements and terrains.  For $9,000, the H2ALL Mobile system can purify up to 567 
liters (150 gallons) per day.  Based on a ten-year life span, the H2All Mobile costs $0.004 per 
liter of purified water.  However, even though the system is portable and efficient, it has many 
sophisticated filters that require changing. 
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Figure 3: Representation of H2All Mobile by Trident Device (http://www.tridentdevices.com/mobile-solar-
water-purification-systems/) 
 
2.4.3 Epiphany’s E3 Direct Solar Distillation System 
 
Epiphany’s E3 Direct Solar Distillation System utilizes the power of concentrated sunlight 
through its parabolic dish shape (Figure 4).  The intense heat created by this set-up immediately 
vaporizes the contaminated water, removing dissolved solids and living organisms.  The vapor 
is then condensed; and the resulting water is deemed safe to drink.  E3 is lightweight and the 
installation time is designed to be less than one hour, regardless of the skill level of the person.  
At $25,000, the E3 Direct Solar Distillation System is able to produce 379 liters (100 gallons) of 
clean water per day using only solar power.  Even though the system uses desalination (rather 
than filtration and reverse osmosis), the system is largely stationary once it is assembled. 
Factoring in a 10-year life span, the cost per liter is $0.018/liter, which is more expensive than 
both the Krystall and the H2All Mobile. 
 
Figure 4: Representation of E3 Direct Solar Distillation System by Epiphany 
(http://epiphanysws.com/technology/) 
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2.4.4 System Comparison 
 
Table 2 summarizes the key features of all three systems described previously.  Even though 
Krystall and H2ALL Mobile are capable of producing a lot of clean water per day, they require 
that filters that need to be changed on a regular basis.  Not only will the people in developing 
countries have difficulty obtaining and affording the replacement filters, but also they may not 
know how to change the filters.  The year’s team aims to design a system that is portable and 
requires little to no maintenance.  In addition, the system can be easily shipped and will have a 
large water output for the price of the system.  Although the system has a small water output, it 
is scalable, allowing for a larger water output with a small economic impact. 
 
Table 2: Comparison between three water purification systems and this year's Solar-Powered Water 
Purification System 
 Krystall H2All Mobile E3 Direct Solar 
Distillation 
2011-2012 Solar-Powered 
Water Purification System 
Type of System Filtration/Reverse 
Osmosis 
Filtration Desalination Desalination 
Water Output 
(liters/day) 
Up to 98,421 Up to 567 379 30 
Cost $1,200,000 $9,000 $25,000 $5,000 
Cost per Liter 
($/liter) 
$0.003 $0.004 $0.018 $0.046 
Dimensions of 
System 
7.5’x8’x40’ 
(per shipping 
container) 
5’x3’7”x7’8” 15’x15’x11’ Capable of fitting in a single shipping container 
Off-Grid? Yes Yes Yes Yes 
Portable? No Yes No Yes 
 
2.5 Key System Level Issues and Constraints 
 
The team is facing the challenge of providing a source of clean water for communities in which 
many resources are not readily available; therefore, care was taken in using easily obtainable 
materials.  In designing a system that is capable of purifying contaminated or saline water, the 
team had to take into account the size, portability, durability, ease of use, and the costs that are 
associated with it.  Multiple subcomponent designs and functions were analyzed using Concept 
Scoring and Prioritizing Matrices, Appendices H and K, respectively. These design constraints 
must be accounted for in producing such a system in order for it to be considered economically 
viable.  
 
2.6 Layout of System Level Design with Main Subsystems 
  
Figure 5 shows the system level design, depicting the major subsystems, inputs, and outputs.  
As seen in the diagram below, there are four main paths: red denoting the solar loop/hot loop 
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path, brown showing the salt water path, blue outlining the water vapor/clean water path, and 
green showing the solar electric paths.  The solar loop runs through the troughs, collecting 
concentrated heat from the sun.  The HTF within this loop then runs through a HEX, located just 
under the surface of the salt water in the boiler. The stored energy in the HTF will provide the 
heat necessary for boiling and distillation to occur within the system.  Once the heat is 
transferred into the boiler, the loop is then completed as the HTF goes around and reabsorbs 
energy from the solar collectors.  The salt-water path runs directly from the salt-water storage 
tank to the boiler, utilizing gravity and a solenoid valve to control the flow and level of the salt 
water inside the boiler. Two float switches within the boiler will regulate the maximum amount of 
salt water inside; in addition, a one-way check valve is used to ensure one directional flow.  As 
heat transfers to the salt water, evaporation begins to occur.  A vapor pump, located 
immediately after the boiler, pulls the newly formed water vapor out of the boiler and pushes the 
vapor through a condenser.  After condensation, the clean water is deposited into the clean 
water storage tank; the water vapor/clean water path depicts this. The helical coil condenser is 
placed within the salt-water storage tank to facilitate condensation and to preheat the salt water. 
The cold salt water will absorb the heat from the hot vapor in the condenser, causing the vapor 
to condense back into liquid water while also slightly heating the salt water before it goes to the 
boiler to be further heated.  In order to remove the system from the electrical grid, a PV panel is 
added to power the various pumps incorporated into our design. The green paths show the 
electrical wiring needed for our system. 
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Figure 5: Block diagram of major subsystems of the design 
 
 
 
2.7 Team and Project Management 
 
2.7.1 Project Challenges and Solutions 
  
The primary challenges for this project was completing tasks by their deadlines, as well as 
reaching the target temperature of 100 °C within the boiler. The team was given the task to 
improve the previous year’s system, but, after much discussion, the team decided to create a 
completely new design. Many hours were spent trying to test and become familiar with the old 
system, which provided information regarding which components could be reused and which 
were to be replaced or redesigned.  Unfortunately, many main of the components of the existing 
system, such as the flat plate solar collector, the vacuum pump, the vapor pump, and the 
condenser were ultimately removed from the system.  The extent of efforts used to analyze the 
20 
 
system, as well as extent of redesign of the overall system was much greater than anticipated.  
Therefore, the team had a late start in designing the new system. To return on schedule, the 
team worked through weekends and holidays to build the system. Also additional delays 
occurred during construction.  For example, copper parts would become deformed during 
soldering, and the solar tracker would malfunction.  To address these problems, additional tasks 
would be assigned as necessary to find efficient and cost effective solutions. Due to these 
unanticipated delays, the team did not get to do as much testing and make as many 
modifications as anticipated desired Initial testing showed that the system could not heat the salt 
water up to 100 °C, even when left out for six to eight hours.  With only three weeks available for 
testing and modifications, there was insufficient time to make extensive changes to the design.  
However, the team was able to make minor changes, such as improving the focal length of the 
troughs, adding a convective envelope, and testing a new flow rate.  Enough tests were 
conducted to  draw conclusions regarding the impact of changes on the system performance, 
and are further discussed in Section 5. Completing tasks by deadlines was a challenge due to 
unexpected hurdles, but the team still managed to do a great job to complete main goals on 
time. 
 
2.7.2 Budget 
  
The team requested the max amount of $3,000 from the CSTS Grant Program and $3,000 from 
the Dean’s Engineering Undergraduate Programs Senior Design Funding. From these 
requisitions, the team received a total of $6,000 as seen in Appendix N. 
 
The only equipment the team had were the remnants of the previous year’s design project. 
Therefore, the money received from the CSTS and Dean’s Funding went directly to purchasing 
new parts and components that were deemed necessary to the progress of the system. The 
team acquired a few external partners/supporters such as Duratherm, whose donation of the 
HTF partially reduced the overall cost of the system. 
 
2.7.3 Timeline 
 
In order to ensure successful and on-time completion of all goals, a Gantt chart (Appendix M) 
was created.  Included in the Gantt chart are weekly group meetings, advisor meetings, major 
course assignment deadlines, and subcomponent tasks.  The team progress was compared to 
the Gantt chart each week to make sure that the team was keeping on task. 
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Fall quarter was devoted to designing the concept for the system.  The first step was to 
familiarize the team with the system that had been passed on from the previous year.  In 
addition, interviews were conducted to identify customer needs.  Simultaneously, an 
Engineering Equation Solver (EES) model was created in order to determine which portions of 
the previous system should be kept and which portions should be revised and replaced.  A 
basic conceptual design was then developed. 
 
During the winter quarter, the team focused on finalizing details of the design.   The final design 
was chosen based on research of the best solutions and the EES model.  Much of the time was 
devoted to researching components that were compatible for the system and easily obtainable.  
The parts were then ordered, and assembly of the system began.  A rough prototype was 
completed by the end of the quarter.  The system was also modeled in SolidWorks. 
 
In the spring quarter, the assembly of the system was fully completed.   Testing then began on 
the system and analysis was performed to determine possible revisions.  Changes were made 
to improve the system and further tests were conducted.  All adjustments were made in time for 
the Senior Design Conference on Thursday, May 10, 2012.  The remainder of the quarter was 
devoted to working on the thesis, which was due on June 16, 2012. 
  
2.7.4 Design Process 
 
For the success of all design projects, a process must be established.  The process ensures a 
directional flow towards completion and establishes a basic time and progressing framework.  
The team broke the process into general segments, starting with research and information 
gathering, engineering design, design implementation, and testing and re-fabrication.  Each 
segment loosely correlated to the academic school year: summer, fall, winter and spring 
quarter. 
          
During the spring quarter of 2011, six peers decided to follow up on Team Clean Water’s Solar 
Water Purification System.  Thus, the Solar-Powered Water Purification System team was 
formed for the 2011-2012 Senior Design Challenge.  The summer was completely devoted to 
diving into research on the current system, as well as other similar designs in order to 
completely understand the processes included in the design.  More research and understanding 
would lead to a better grasp on the subject matter (solar distillation, thermodynamics, fluid 
mechanics, etc.) as well as provide knowledge on today’s most efficient, most innovative 
engineering solutions.  Relevant documents, articles, theses, etc., were collected and 
22 
 
distributed amongst the team members via email and Facebook (Senior Design Group).  This 
allowed each member to be completely up-to-date with every other member in terms of what 
had been researched as well as specific updates regarding the project. 
          
The fall quarter of 2011 marked the “engineering design” phase in which the team took the 
gathered information and used it to analyze and test the previous year’s system’s physical 
operations.  Based on how the system actually functioned, compared to the research and the 
previous team’s thesis, a more concrete design plan was laid out.  A Gantt Chart was developed 
to frame the project’s timeline.  In addition, a comprehensive budget was created; it included the 
cost of all components necessary to complete the project.  Building off the summer’s research, 
the team proposed a completely new design to create a better solar-powered water purification 
system than the previous years.  The new design was tested by modeling it in the EES software 
and then further finalized with corresponding dimensions and details. 
  
The new design modeling led into the winter quarter.  As the design was further being 
developed, the design implementation started.  This quarter was reserved for procuring 
materials and various components to create the system.  During the spring 2012 quarter, 
building had begun and many hours were spent in the machine shop to build the complete 
system by the specified deadline.  The system was completed a few weeks before the Design 
Conference in the spring quarter.  A few weeks were spent testing the system and making 
modifications and improvements before the conference. 
 
2.7.5 Risks and Mitigations 
 
One of the main risks for this project is the weather.  The system was designed to operate 
during a sunny day with an average solar irradiance of 850 W/m2.  The system can only run in 
sunny conditions; therefore, the system was designed for coastal communities with abundant 
sunlight. 
  
Another risk involved with the project would be contaminants and high salinity in the water.  We 
must be able to guarantee that the dangerous contaminants are removed and the water is safe 
to drink and use.  By boiling the salt water, the system will remove all contaminants, making the 
condensed vapor safe to drink. 
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2.7.6 Team Management 
  
The Solar-Powered Water Purification team designated Andrew Nosé as the team leader, Alex 
Tamai as the facilitator, and Christopher Sugii as treasurer; but all team members were 
accountable for doing an equal amount of work.  In order to maximize team efficiency and 
ensure accountability, subcomponent groups were created accordingly: 
•        Solar Troughs/PV Panel – Andrew, Reece, Erin, Chris 
•        Controls – Reece, Chris 
•        EES/Pumps – Alina, Alex 
•        Boiler/HEX/Condenser/Clean Tank – Alina, Alex, Andrew 
•        Piping/Foundation – Chris, Andrew, Erin 
The subcomponent groups allowed for different options to be simultaneously explored for all the 
components.  Members of the subcomponent groups were the experts in that field and would 
provide any information that others needed. 
  
The team primarily communicated through phone, email, Facebook, Angel/Camino, and weekly 
meetings.  All members often talked directly or checked their messages for close and open 
communication.  It was important that all group members maintained good communication in 
order to complete tasks and to stay on schedule.  All members had very different schedules, so 
maintaining an open line of communication and completing work in subcomponent groups was a 
major factor in accomplishing goals. 
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Section 3: Mechanical Subsystems 
 
The mechanical subsystems of the Solar-Powered Water Purification System consisted of a 
boiler, solar collectors, drive system, HTF, boiler HEX, condenser, and HTF and vapor pumps.  
The boiler contained the salt water, allowing for it to boil and distill.  The energy for boiling was 
provided by the solar collectors, which concentrated the energy from the sun.  The drive system 
allowed for the collectors to maximize the solar input by tracking the sun.  The HTF absorbed 
the solar energy as it flowed through the collector, and transferred the energy to the salt water 
via the boiler HEX.  As the salt water evaporated, the vapor travelled through the condenser to 
return to the liquid phase for containment.  The HTF and vapor pumps motivated the flow of the 
HTF and vapor, respectively.  The operation of these mechanical systems were connected, and 
had to operate together in order for the distillation process to occur successfully. 
 
3.1 Boiler 
  
The distillation process for the Solar-Powered Water Purification System happens in the boiler. 
The salt water vaporizes when the water within the boiler is boiled from the heat provided by the 
hot loop. The hot loop uses a HTF that collects heat from the solar parabolic troughs.  That HTF 
runs through a HEX in the boiler and transfers the heat to the salt water.  This causes the water 
to boil and separates water vapor from undrinkable debris and contaminants.  All the 
contaminants and other waste in the salt water are killed at atmospheric pressure because of 
the boiling process.  After the vapor leaves the boiler, it is then condensed into purified drinking 
water. 
  
Many designs were considered for a new boiler.  The team looked into using a high-heat plastic 
material for the boiler to prevent corrosion, but it was discovered that making modifications 
would be too complicated and expensive.  A square shaped boiler was also sought for to make 
easier connections, but in the end nothing could be found that would fit the needs in the price 
range.  So, the team decided to use the previous year’s boiler, which is an All-American 
industrial size aluminum pressure cooker. This container has a wall thickness of .635 cm, and 
can hold 38 liters of water.  Figure 6 depicts a SolidWorks model, as well as the actual boiler 
used in the system.  This boiler previously had corrosion problems, so it was anodized to 
prevent the aluminum from corroding.  High heat plastic nipples were also used to connect 
dissimilar metals to further prevent corrosion.  After construction, approximately 2.54 cm of 
insulation was wrapped around the boiler to minimize heat loss to the environment.   
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Figure 6: SolidWorks model of boiler and actual insulated boiler 
 
From the experimental data, the most promising test on 5/8/2012 showed that with an average 
of approximately 0.56 kW input into the boiler and an initial temperature of 26.5 °C, it took four 
hours for 0.023 m3 (23 liters) of water to reach 95 degrees Celsius.  To obtain this temperature 
rise for water requires a total heat input, Qw, of 6.56 kJ: 
 (1) 
Where V is the volume, ρ is the density, Cp is the specific heat, and ΔT is the temperature rise.  
The subscript W denotes water because all tests were done using water rather than salt water.  
The input to the boiler, Qboiler, was 8,064 kJ: 
     (2) 
Based on this, the losses of the boiler, Qloss, and the efficiency of the boiler, ηboiler, were 
quantified to be 1478 kJ and 81.7%, respectively, over the 4 hour operation period. 
       (3) 
Although there were some losses, an efficiency of 81.7% is quite high.  Therefore, the insulation 
was considered sufficient for the system. For future improvements the team would suggest 
using a smaller boiler that has less thermal mass, so that time to heat up would not be as high.  
In addition, design changes to accommodate easy drainage would be desired.  Detailed 
drawings can be seen in Appendix B.   
 
3.2 Solar Collectors 
 
The solar collectors (solar parabolic troughs) function as the system’s solar thermal energy-
harnessing source.  The largest advantage of a solar parabolic trough over other methods is its 
26 
 
ability to concentrate the energy from the sun to yield higher energy collection efficiency for a 
low cost.  The basic design of the solar parabolic troughs was inspired from George Plhak’s 
manual [11].  Although this provided a foundation of where to begin, research was conducted to 
determine the materials that should be used and to verify the design.  A major material of the 
solar parabolic trough is the reflective surface.  The team chose to use an acrylic material, 
measuring 2’ by 8’ by 0.062” for each of the solar parabolic troughs. 
 
The performance of the solar parabolic trough is also based on the energy from the sun.  The 
fluctuation of the energy varies greatly depending on location, season, and even throughout any 
given day.  Therefore, the model created with EES does not cover every scenario; however, it 
considers an average day where the energy flux received from the sun is 850 W/m2.  In order to 
evaluate the EES model, the system’s performance was rated based on how close the energy 
received from the sun matched the energy needed to reach a designated change in 
temperature.  The change in temperature desired corresponds with the difference between the 
inlet temperature (into the first trough) and outlet temperature (from the second trough).  Some 
materials and properties were held constant throughout the modeling process.   The collector 
tube was assumed to be copper and the heat transfer fluid (HTF) was assumed to be water in 
initial calculations.  
 
 The net energy from the sun was calculated first.  The total amount of energy received from the 
sun is based on the energy flux and the area receiving that energy.  Here, an assumption was 
made that the area receiving the energy was a flat rectangular surface (rather than a parabolic 
shape).  In an ideal case, all of this energy would transfer to the HTF; yet, that is not the case in 
real world applications.  There are energy losses due to radiation, convection, and conduction.  
The EES model disregards conduction because the pipe thickness is fairly thin; so the 
assumption can be made that conduction will yield minimal losses.  As such, the main 
contributors to energy loss were assumed to be from radiation and convection. 
 
 
In calculating the energy loss due to radiation, a few assumptions were made.  The emissivity of 
the collector is assumed to be one.  This implies that the collector tube absorbs all energy, 
rather than reflects it.  Since the collector tube used in the team’s trough is painted black, this is 
a fair assumption.  In addition, the temperature of the HTF (and corresponding properties) was 
taken at an average between the inlet and outlet temperatures of the troughs (80°C and 90°C, 
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respectively).  Calculating the convective energy losses to the surroundings assumed the same 
conditions above with one extra condition.  The ambient air temperature and pressure at which 
the properties were evaluated at were assumed to be 30°C and 100 kPa, respectively. 
 
Based on the method and assumptions described above, the EES model was created and 
tested to find areas that could be modified for better efficiency.  Failure in this situation was 
considered as any situation where the energy transferred to the HTF was much less than the 
energy received from the sun.  This would mean that the model was either inaccurate, or 
materials and conditions were not optimized.  
 
The EES model could be compared to simple hand calculations that make many basic 
assumptions.  It is important to note that the equations from both methods match, and would 
therefore yield the same results.  The major difference is that EES gives the user the ability to 
test variables quickly and efficiently through the use of parametric tables.  Therefore, the results 
of the EES model can be better examined and modified better through testing data.  In the 
meantime, it gave general guidance with design decisions and when to expect failure. 
 
To determine the mode of failure, the model was evaluated and tests were done to yield better 
results.  For example, the relationship between the diameter of the collector tube and the heat 
received by the HTF was evaluated before the tube was purchased.  Since the cost increases 
with the diameter, the economical thing would be to purchase a small diameter; however, the 
effect on the system needed to be evaluated.  This was determined by creating a parametric 
table with diameters ranging from 0-0.099 m.  As is evident in Figure 7, the net energy into the 
trough decreased as the diameter of the collector tube increased.  Even though smaller 
diameters would be ideal, there is a tradeoff to consider.  Larger diameters are ideal when 
considering the minor imperfections in the focal line of the solar parabolic trough.  A larger 
surface area allows increases the focal area.  After determining the tradeoffs, it was determined 
that 2.54 cm (or 1 in) would be an ideal diameter. 
 
Discussed in Section 3.4.2, the Solar Collector EES model was used in conjunction with the 
HEX EES model to identify a target HTF flow rate through the hot loop. 
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Figure 7: Relationship between energy absorbed by the HTF and pipe diameter 
 
3.3 Drive System 
  
A drive system was employed to facilitate the movement of the two solar collectors and PV 
panel.  This single axis rotation is necessary in order to accurately track the sun’s movement 
across the horizon throughout the day.  A 15 W drive screw motor, rotating at 6 RPM, was 
employed to power the rotation of the solar collectors. The motor’s direction of movement was 
controlled by a differential light sensor and an Arduino microcontroller (see Section 4). These 
two components provided the logic necessary for the accurate operation of the drive screw 
motor throughout the course of any given day. 
 
3.4 Heat Exchangers 
 
3.4.1 Heat Transfer Fluid (HTF) 
 
The HTF absorbs heat as it flows through the troughs and transfers this heat to HEX located in 
the boiler.  A single-phase flow was desired to avoid pressure changes that would quickly lead 
to leaks within the piping, as well as reduced heat transfer capabilities of the fluid.  Salt water 
boils at approximately 100°C, so the HTF must be in a liquid phase above that temperature to 
transfer heat in the HEX.  Three main fluids were considered: water, glycol, and an oil-based 
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fluid.  Water is considered an ideal HTF because of its low maintenance, cost, and 
environmental impact.  However, it boils at 100°C and, therefore, a single-phase flow would not 
be maintained.  Glycol is a water-sugar mixture that can reach higher boiling temperatures at 
certain concentrations.  It also has a low environmental impact because it is biodegradable. 
 However, it requires extensive maintenance, as sugar levels must be regularly monitored. 
 Ultimately, an oil-based fluid called Duratherm-450 was selected.  It has a boiling point of 
232°C and requires low maintenance due to additives, including antioxidants, corrosion 
inhibitors, de-foaming agents, seal and gasket extenders, suspension agents, and metal 
deactivators.  Although it has a moderate environmental impact, and must be disposed of with 
other waste oils, it is not considered toxic and does not cause skin irritation when accidental 
contact occurs.  A summary of the three fluids and their properties are provided in Table 3. 
 
Table 3: Properties of HTF options 
Type of 
Fluid 
Boiling 
Point (°C) 
Maintenance 
Level 
Environmental 
Impact 
Water 100 Low None 
Glycol 102-188 High Low 
(Biodegradable) 
Duratherm-
450 
232 Low Medium 
(Dispose with 
waste oils) 
 
3.4.2 Boiler Heat Exchanger (HEX) 
 
A HEX was located within the boiler, and allowed for transfer of energy from the HTF to the salt 
water for boiling.  To maximize the surface area for heat transfer, and guided by the boiler 
dimensions, the HEX was designed to be a helical shape.  Therefore, the major design 
variables to select were the tube diameter, number of coils, and HTF flow rate.  To appropriately 
size these parameters, a HEX model was developed in EES.  A resistance circuit was set up for 
heat transfer during the nucleate boiling regime, which was the target regime of our system, and 
is shown below in Figure 8. 
 
 
Figure 8: Resistance circuit of the HEX 
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A resistance associated with boiling was difficult to find, so resistance due to conduction, Rcond, 
and convection, Rconv, were used to calculate a heat flux across the HEX to its surface by the 
equation: 
         (4) 
where QHEX is the energy transferred through the heat exchanger, THTF is the average 
temperature of the heat transfer fluid through the HEX, and THEX,surface is the surface temperature 
of the HEX.  An energy balance was used based on this heat flux to equate the energy 
transferred to the salt water assuming nucleate boiling through the equation [12]:  
     (5) 
Where µl is viscosity, hfg is the enthalpy of vaporization, ρ is density, σ is surface tension, Cp is 
the specific heat, Pr is the Prandtl number, and AS,HEX is the surface area of the HEX. cs,f and n 
are parameters dependent on the surface-fluid combination and subscripts v and l denote the 
saturated liquid and vapor phases, respectively.  Finally, ΔTe is defined at the different between 
the surface temperature and the fluid’s saturation temperature. 
 ∆Te=THEX,surface-Tsat        (6) 
In addition, the QHEX was balanced with the energy lost by the HTF, QHTF by: 
       (7) 
          (8) 
 
For the initial model, Tin was set to be constant, and the remaining coupled variables were 
solved for iteratively using EES.  The model showed that heat transfer across the HEX 
decreased as the tube diameter increased.  Therefore, a smaller tube diameter was desirable. 
 However, this would negatively impact the static pressure of the system and would force the 
pump to consume more power.  In addition, commercially available products constrained the 
selection process.  With these considerations in mind, 0.95 cm (3/8 in) copper tubing was 
selected.  Copper tubing would also allow easy construction and attachment to the boiler frame.  
 
With the selected diameter, nine coils were selected for the helical shape, which was the 
maximum number that could fit within the boiler.  This number was selected based on 
considerations of increasing static pressure with increasing coil number as well as maximizing 
surface area for heat transfer to occur.  Although over sizing the HEX could be possible, the 
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model showed this was not the case.  With nine coils, the HEX would transfer approximately 2.3 
kW while the amount of energy required to evaporate the target amount of vapor is 
approximately 2.1 kW. 
 
The HEX model was used in conjunction with the Solar Collector model to determine the initial 
target HTF flow rate.  Both models were run individually to see how flow rate impacted heat 
transfer.  As seen in Figure 9, as mass flow rate increased both Qtrough and the energy 
transferred through the HEX (QHEX) increased.  At 0.1 kg/s, Qtrough equals QHEX, and the amount 
of energy transfer is approximately 2.3 kW.  Therefore, 0.1 kg/s was the initial target flow rate of 
the system for pump selection. 
 
 
Figure 9: Impact of HTF flow rate on (a) Qtrough and (b) QHEX based on individual models 
 
As the project progressed and as testing was performed, the Solar Collector and HEX models 
were refined and integrated into one model.  The integrated model was run again to see the 
impact of flow rate on heat transfer, and is shown in Figure 10.  Surprisingly, the impact of HTF 
flow rate was the opposite of what was initially modeled.  This was found to be because the 
assumption of a constant inlet HTF temperature was incorrect.  Based on the integrated model, 
a new target HTF flow rate of 0.015 kg/s was identified for further testing. 
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Figure 10: Impact of HTF flow rate of Qtrough and QHEX based on integrated model 
 
3.4.3 Condenser 
 
The condenser was located within the salt-water storage tank and allowed heat transfer from 
the vapor to the salt water.  In doing so, the vapor would change to distilled water while the salt 
water would be preheated.  Again, this was modeled in EES to determine the minimum length to 
condense the vapor.  The amount of heat transfer required (Qvapor) was calculated based on the 
target vapor flow rate and removal of the latent heat by:   
        (9) 
 
Sensible heat transfer from 100°C to 95°C was initially added to the total amount of heat 
required to be removed by the condenser, but was found to be negligible.  Qvapor was balanced 
with the energy transferred through the condenser, Qcondenser.  This was calculated using the 
resistance circuit of the condenser, shown in Figure 11.  
 
Figure 11: Resistance circuit of the condenser 
 
Rfilm is the resistance due to film condensation on the inner surface of the condenser, and Rcond 
and Rconv are the resistances due to conduction and convection, respectively.  Rconv was 
assumed to be natural convection of the salt water, which was considered to be stagnant in the 
storage tank.  The calculation for the resistance circuit is: 
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       (10) 
         (11) 
 
As water is distilled, the water level in the tank would decrease, and, therefore, expose the 
condenser to air.  Therefore, to determine the limits of the condenser length, two cases were 
considered: first, the condensing fluid was assumed to be air, and secondly, the condensing 
fluid was assumed to be water.  In addition, because the condensing fluid would be heating 
during system operation and as it was exposed to sunlight, the temperature of the condensing 
fluid was assumed to be 80°C.  Based on these assumptions, the condenser length was 
calculated to be 200 m for air and 0.1 m for water.  It was critical for the condenser to be 
submerged in water because a 200 m condenser was not feasible.  
 
Based on these calculations, the condenser tube diameter was not critical to heat transfer 
because an impractical length would still be required if the condensing fluid was only air. 
Therefore, the 0.95 cm (3/8 in) copper tubing remaining from construction of the HEX was 
selected as the condenser material.  Not only was it readily available, but also it was easy to 
bend and shape. 
 
3.5 System Pumps 
 
3.5.1 Heat Transfer Fluid (HTF) Pump 
 
The HTF pump drove the circulation of the HTF through the hot loop, and was selected based 
on various criteria, of which the main ones were: overcoming the static pressure of the loop 
while providing the initial target flow rate of 0.1 kg/s, consuming a maximum of 80 W of DC 
power, and compatibility with the HTF.  Based on the length of copper piping in the system and 
number of bends, the static pressure of the system was calculated to be 80 kPa.  From the solar 
panel capacity of 120 W of DC power, the amount of power budgeted to the pump was 80 W 
and was constrained to DC power.  This constraint was further justified because an AC/DC 
converter would decrease efficiency while increasing costs, and DC power would allow for 
easier adjustments to the flow rate during testing. Based on these design considerations, an 
Oberdorfer N991-32 Series Gear Pump was selected.  This pump has Viton seals, which are 
compatible with the HTF.  This pump also has a temperature rating of 150°C, and was placed at 
the inlet to the solar collectors.  Thus, the pump was exposed to the HTF at its coolest point, 
minimizing the possibility of overheating.  
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3.5.2 Vapor Pump 
 
The vapor pump drove the vapor out of the boiler and into the condenser.  The main criteria for 
selection of this pump included its capacity, ability to run wet and dry, and a maximum power 
consumption of 15 W.  The goal of the system was to provide 1.05×10-6 m3/s (1 gal/hr) of vapor, 
and therefore the pump was required to pull at least that amount of vapor.  In addition, because 
control of the vapor pump may require it to run when no vapor is present, the pump was 
required to be able to run dry without failing.  Finally, due to the solar panel capacity, the 15 W 
power constraint was included. Based on these design considerations, a Greylor RF-100 
Peristaltic pump was selected.  The pump had a temperature rating of 120°C, and was placed at 
the highest point between the top of the boiler and the inlet to the condenser.  This allowed for 
optimal performance of the pump, as recommended by the manufacturer. 
 
3.6 Piping and Foundation 
  
Piping within the system was conducted using standard 2.54 cm (1 in) copper piping, and 
soldered together using a lead-free solder material. The design of the piping was conducted in a 
logical fashion, and many break points along the length of the piping were created to allow for 
quick removal and replacement of damaged or faulty piping/fittings. This modular design was 
specifically intended to expedite the maintenance process. A number of valves were also 
included which allow for the bypassing of the solenoid valve into the boiler for testing purposes 
or for manual operation of the in-flow to the boiler. A drain valve was implemented at the exit of 
the solar trough line to allow for the quick removal of heat transfer fluid when maintenance and 
replacement is required. A number of nylon fittings were attached to the boiler to separate 
dissimilar metals from each other, reducing the risk of galvanic corrosion to these otherwise 
vulnerable areas. 
 
The foundation was constructed using standard 0.64 cm (¼ in) thick plywood boards for the 
base and 1.27 and 2.54 cm (½ and 1 in, respectively) thick wood beams for the solar collector 
mount. The beams were attached to the foundation using steel brackets and wood screw 
fasteners. A cross beam was added on each side of the solar collector mount to increase its 
strength and resistance to torsional forces. The foundation was then coated with two layers of 
polyurethane to protect it against liquids and oils that it would be commonly exposed to by the 
system and the environment.
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Section 4: Electrical Subsystem 
 
4.1 Overview 
 
The purpose of the electrical and control system is to power and control the actions of the 
system components.  This includes the HTF pump, vapor pump, solenoid valve, cooling fan, 
and the solar tracker.  A microcontroller will be used to obtain ambient light readings, boiler 
water level, and boiler temperature.   These measurements are used to optimize system 
performance by providing data that will be useful to evaluate system ramp up time and overall 
power consumption.  An external pulse width modulation motor driver from Cana Kit will be used 
to control the speed of the HTF pump; and a solar tracking controller from Spelling Business 
Enterprises, LLC will be used to control the tracking system motor. 
 
4.2 Hardware 
 
The control system performs three functions:  Input/Output (I/O), Signal Conditioning, and 
Signal Processing.  A breadboard integrates the cadmium sulfide photoresistors, an Adafruit 
Industries thermocouple amplifier breakout board, and a liquid crystal display.  The main 
processing functions of the control system are performed by the Arduino Mega 2560 
microcontroller board based on the ATmega2560 integrated circuit chip.  Power switching is 
accomplished through the use of electromechanical relays driven by switching transistors that 
control the operation of a solenoid valve, geared motor, vapor pump, and HTF pump.   
 
4.3 Input/Output 
 
The output pins on the Arduino Mega 2560 microcontroller are used to output signals to the 
relays; and to provide power and ground to the thermocouple amplifier, water level sensors, 
photo resistors, and the liquid crystal display.  Digital input pins will read the state (high/low) of 
the water level sensor circuits to control the operation of the solenoid valve, which allows the 
flow of seawater into the boiler.   Additionally, analog input pins are used to read the state of a 
potentiometer and photoresistor as an analog value.  The analog value for the photoresistor is 
read to determine the quality of sunlight, and to control the on/off operation of the system.  A 
pulse width modulation (PWM) analog output pin sends a signal to the switching transistor to 
control the speed of the cooling fan for the external PWM motor driver.  The duty cycle of the 
cooling fan is linearly related to the analog reading of the potentiometer, which ranges from 0 to 
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1024 [11].  Duty cycle is the proportion of ‘on’ time with respect to the regular interval.   Analog 
values for the potentiometer, photo resistors, boiler temperature, as well as digital values for the 
float switch states can be viewed through the serial monitor on the Arduino Software using a PC 
connected via USB when data acquisition is necessary. 
 
4.4 Sensors 
 
4.4.1 Photoresistor 
 
To sense the ambient light levels as an analog 
value, photoresistors are used as the top resistor in 
a voltage divider circuit.  A photo resistor is a 
resistor that exhibits photoconductivity, where its 
resistance decreases with increasing light intensity. 
 In this application, three cadmium sulfide 
photoresistors are connected in parallel as the top 
half of the voltage divider circuit, while a 12-kΩ 
resistor is placed on the bottom half, as shown in Figure 
12.  The photoresistors are angled so that the ambient 
light levels can be read consistently throughout the day with varying sun position.  The light 
sensor is placed in the same housing as the single axis tracking system sensors on the upper, 
eastern end of the system.  The Arduino Mega 2560 microcontroller reads the voltage at the 
midpoint of the voltage divider as an analog value using an analog input pin. 
 
4.4.2 Float Switch 
 
Two vertically mounted, high-temperature, float switches from Cynergy3 are used to determine 
the water level in the enclosed boiler.  The float switches will be used to enable cyclic loading of 
seawater into the boiler to optimize the distillation process.  Each float switch will be wired in 
series with a pull-down resistor as shown in Figure 13.  The states of the float switches will be 
read by the microcontroller using a digital input pin to control the operation of the solenoid valve. 
Figure 12: Photoresistor circuit 
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Figure 12: Float switch circuit 
 
4.4.3 Thermocouple 
 
A K-type thermocouple probe from Omega Engineering, Inc., will be used to measure the boiler 
temperature.  Thermocouples use the thermoelectric effect to measure temperatures.  Two 
dissimilar metals with known thermal expansion coefficients are soldered together at one end.  
Two wires extend from this point; and, together, they produce a voltage difference across them 
that is directly related to the temperature at the soldered end, known as the Seebeck voltage.  
Thermocouples can respond to changes in temperature very rapidly, but they are also sensitive 
to electromagnetic noise.  This high sensitivity can compromise the quality of the readings if it is 
not taken into account.  Therefore, it is important that the thermocouple wires are isolated from 
the relays, pumps, and motors throughout the system, which are all inductive loads that produce 
an electromotive force. 
 
4.4.3a Signal Conditioning 
 
The aforementioned Seebeck effect that takes place within a thermocouple only generates a 
signal in the millivolt range.  This is too small of an analog voltage to be effectively digitized by 
most analog-to-digital converters (ADC).  Therefore, amplification is required.   
 
Thermocouples output a voltage that represents a temperature measurement in reference to the 
cold junction, at the end of the thermocouple wires.  A cold junction compensator must be used 
to correlate the voltage across the two wires to the temperature at the hot junction, which is the 
signal that displays the most significant temperature.  A cold junction compensator works by 
inserting a voltage that is related to ambient temperature, which is the same temperature as that 
of the end of the thermocouple wires.  This compensator voltage cancels out the voltage 
contribution of the cold junction, thus leaving only the voltage from the hot junction of the 
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thermocouple to be measured.  A thermocouple will only have a zero volt output at 0°C, so, by 
canceling out the cold junction voltage, a temperature reading that is referenced to 0°C is 
obtained from the hot junction. 
 
After the thermocouple is properly biased from the cold junction compensator, the hot junction 
voltage must be amplified and fed into an ADC to be digitized.  An ideal amplifier for this 
process would have a low offset voltage, low drift, and low bias current to properly amplify the 
low thermocouple voltage.  For a K-type thermocouple, a 12-bit amplifier configured with a 
negative feedback and a gain of 4095, would place the thermocouple voltage in the range of 0-5 
V, as required by the Arduino Mega 2560 microcontroller [11].  This would meet the 
requirements of the ADC, while maintaining an acceptable degree of resolution.  The Adafruit 
Industries thermocouple amplifier breakout board uses the MAX6675, a 12-bit ADC.  This ADC 
allows readings from 0 to 1024°C with a resolution of 0.25°C.  A capacitor is placed between 
power and ground to filter out any noise. 
 
4.4.3b Processing 
 
Once this signal has been digitized by the ADC, the signal is then processed by the 
microcontroller, where the digital representation of the analog voltage is calibrated.  The output 
from the thermocouples will be between 0-5 V after the signal has been amplified.  The ADC will 
output a number between 0 and 4096.  This analog value will indicate the “step” relative to the 5 
V scale.  The step value must then be converted to a temperature reading by multiplying the 
step by a factor of (500/4095).  For example, if the voltage read by the ADC were 1 V, the 
output from the ADC would be a byte correlating to the decimal value of 819.  This is obtained 
by determining the number of steps to 1 V (4095/5 = 819 steps per volt), which must then be 
multiplied by (500/4095) to obtain the value of 100 [11].  At 10 mV/°C, 1 V indicates a 
temperature reading of 100°C. 
 
4.5 Power Switching 
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To enable full control over the electrical components in the system, power switching is 
necessary.  The Arduino Mega 2560 has the ability to output 40 mA at 5 V.  This is not enough 
to power any of the system components, which range from 1.2-6.7 A at 12 V.  Therefore, relays 
and switching transistors are used to control the components.  Electromechanical relays are 
controlled using NPN switching transistors that control the vapor pump, solenoid valve, and the 
HTF pump.   
 
An electromechanical relay is an electrically 
operated switch, which uses an electromagnet to 
operate a switching mechanism mechanically. 
 Relays are typically used where it is necessary to 
control a higher powered circuit by use of a low 
power circuit while completely isolating the two.  In 
this application, the control side of the relay is 
connected in series with an indicator light-emitting 
diode (LED) and general purpose NPN transistor. 
 The purpose of the transistor is to act as a high-
speed switch, and to provide enough current to power both the relay and the LED, since the 
microcontroller is not able to do so on its own.  Since the relay is an inductive load, a flyback 
diode is used to eliminate sudden voltage spikes when the voltage is suddenly reduced or 
removed, as shown in Figure 14.  These relays are rated at 12 V and 10 A, which is sufficient 
for our application of switching a 1.2-A vapor pump, 6.7-A HTF pump, and a 1.5-A solenoid 
valve at 12 V.  Flyback diodes are also placed across the terminals of the solenoid valve, HTF 
pump, and the vapor pump to prevent voltage spikes and noise in the power lines.  
 
An NPN switching transistor can be used for controlling high power devices, such as motors, 
solenoids, or lamps.  They have the ability to use low-voltage, low-current signal lines (such as 
a microcontroller I/O line) to control higher voltage, higher current devices. When the base of a 
transistor is subjected to PWM, the speed of the motor can be controlled as the transistor acts 
as a high-speed switch.  The NPN switching transistor is used to control the speed of the 
external motor controller-cooling fan, where the PWM signal is varied by adjusting the 
potentiometer. 
 
The control side of the relays and transistor require only 5 V and can easily be controlled by the 
digital or analog I/O pins from the Arduino Mega 2560 microcontroller, with the use of a general 
 
Figure 14: Transistor relay circuit 
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purpose NPN transistor to provide a stronger current draw. The relays and transistor also have 
indicator LEDs to show when each component is in operation.  Each component is protected by 
a fuse, which varies in size, depending on the component.  A fuse is a low resistance resistor 
that acts as a sacrificial device to provide protection to components or circuitry from large 
current spikes.  The vapor pump and solenoid valve are protected by 2.5-A fuses; the Arduino 
micro controller is protected by a 1-A fuse; and the HTF pump is protected by a 10-A fuse. 
 Electrical switches allow the user to turn on/off power to each component, while a second set of 
switches allow the user to either use the control system, or to manually override the control 
system and force the component on.   
 
4.5.1 Motor Driver 
 
A motor speed controller from Cana Kit is used to control the speed of the DC HTF using PWM.  
The controller has two modes of operation:  fixed or variable frequency.  The fixed frequency 
mode of operation runs the controller at 100 Hz.  In the variable frequency mode of operation, 
the frequency is adjustable from 244 Hz to 3.125 KHz.  The duty cycle is fully adjustable from 
0% to 100% in both modes.  This will enable full control of HTF flow rate by adjusting the duty 
cycle and frequency of the circulation pump.  The cooling fan will be used to dissipate heat from 
the motor driver, keeping it within operational temperatures.  The motor driver operation is 
controlled by the electromechanical relays driven by the Arduino MEGA 2560 microcontroller 
through a switching transistor. 
 
4.5.2 Solar Tracking Controller 
 
A solar tracking controller from Spelling Business Enterprises is used to drive the geared motor, 
which controls the single axis tracking system.  The solar tracking controller uses a differential 
light sensor with four photoresistors to sense the position of the sun.  This controller has enough 
hysteresis built-in to prevent oscillation of the system.  However, a potentiometer can be used to 
adjust the sensitivity of each photoresistor.  Mercury tilt switches set the limits of operation for 
the solar tracking system to ensure that the troughs do not interfere with the structure. 
 
4.6 Software Implementation 
 
The instrumentation as well as the control system is integrated into an Arduino MEGA 2560 
microcontroller which uses Arduino software.  The open-source Arduino software runs on 
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Windows, Mac OS X, and Linux.  The software is written in Java and is based on Processing, 
avr-gcc, and other open source software. 
 
4.7 Choice of Controller 
 
The Arduino Mega 2560 microcontroller was chosen because of its ease of use and the team’s 
familiarity with its development environment.  It has 54 digital input/output pins (of which 14 can 
be used as PWM outputs), 16 analog inputs, 4 universal asynchronous receiver/transmitters 
(UART) that are hardware serial ports, a 16-MHz crystal oscillator, a USB connection, a power 
jack, an in-circuit serial program (ICSP) header, a reset button, 4 KB of electrically erasable 
programmable read-only memory (EEPROM), 8 KB of static random-access memory (SRAM), 
and 256 KB of flash memory. 
 
4.8 Control System Logic 
 
The system controls the following elements:  HTF Pump, Vapor Pump, Solenoid Valve as 
shown in Figure 15.  The control algorithm works in the following manner: 
1 The system starts by reading the ambient light level as an analog value.  If the 
ambient light reading is less than 500, all components are off.  If the ambient light 
reading is greater than 500, the HTF pump is turned on. 
2 The boiler temperature is read by the thermocouple and the vapor pump remains off until 
the boiler temperature is greater than 100°C.   
3 If the state of both float switches are read as ‘low,’ the solenoid valve opens until the 
state of both float switches are read as ‘high.’ 
4 Process starts again. 
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Figure 13: Control system block diagram 
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Section 5: System Integration, Tests, and Results 
 
5.1 Integration, Tests, and Results 
 
After completing the construction of the system, preliminary boiler temperature tests were 
conducted to verify that heat transfer was efficiently occurring through the solar troughs and 
through the heat exchanger inside the boiler.  Simultaneously, minor leaks were located and re-
soldered throughout the system’s piping to prevent any heat loss and piping failures.  Figure 16 
shows a few representative trials of several tests that were run over several days while varying 
the mass flow rate of the HTF between 0.05 kg/s and 0.125 kg/s.  For a complete representation 
of preliminary data collected, refer to Appendix O.  Through these preliminary tests, it was 
concluded that the solar troughs were not collecting enough energy to reach the desired boiler 
temperature of 100°C; therefore, immediate design modifications were necessary. 
 
Figure 14: Initial testing of boiler temperature over time 
 
The solar parabolic troughs (herein named “troughs”) were initially assembled in relation to the 
trough’s fixed collector pipe in such a way that the pipe would like along the trough’s focal line.  
This focal line was based on the theoretical focal point of the trough’s parabolic equation.  
However, there were local deformities along the trough’s face due to the team’s construction.  
The consistency of the curvature of the trough was examined by aiming a laser pointer normal 
to the trough’s surface, while moving the pointer from one edge to the other edge.  As this was 
done, the location where the laser light reflected was noted, as illustrated in Figure 17.  This 
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experiment showed that approximately 13 cm from each edge of both troughs were not focused 
directly toward the collector pipe.  To address the issue of lost focused light, the distance 
between the collector pipe and the trough was experimentally adjusted to match the actual focal 
length of the parabolic troughs. 
 
 
Figure 15: Laser pointer test 
 
To adjust the space between the collector pipe and the trough, notches were drilled into a 
prototype trough hanger at 1.3 cm increments, as shown in Figure 18.  In doing so, the troughs 
were iteratively tested at each adjusted increment; the effectiveness of each adjustment was 
verified using the laser pointer test.  It was discovered that lowering the trough 1.3 cm focused 
more sunlight on the fixed collector pipe.  The 13 cm loss from each edge diminished to a length 
of about 3.8 cm on each edge.  In addition, the calculated area of lost reflective surface 
decreased by a factor of about three. 
 
 
Figure 16: Adjustment of trough focal length by drilling holes at 1.3 cm increments 
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New temperature tests were conducted to compare the boiler temperatures of the original 
trough design to the lowered trough design (Figure 19).  This graph is a representative sampling 
of the all the data collected (more comprehensive data can be viewed in Appendix O.  The 
boiler temperature peaked at about 80°C during these tests, compared to peak temperature of 
about 70°C during previous tests.  Continued experimentation and further improvements were 
made on the newly adjusted troughs due to their overall better performance.  Unfortunately, 
even after adjusting the hangers to match the focal length, the boiler still did not reach the target 
temperature of 100°C.  Other ways to help improve the overall system were researched. 
 
Figure 17: Boiler temperature comparison between original and adjusted troughs 
 
One modification pursued was the addition of a convection/radiation heat loss envelope.  This 
envelope was made out of a polycarbonate tube that encased the entire length of the copper 
collector pipe.  It mimicked that of an evacuated tube collector without the vacuum pressure.  It 
was intended to keep the temperature right around the pipe hotter than the cooler ambient 
surrounding air temperature.  It also acted as a shield, preventing convective heat loss from any 
wind that might have picked up heat radiating off the surface of the copper piping, as seen in 
Figure 20.  However, there was a tradeoff: the polycarbonate material has an 86% light 
transmissivity rating. This means that the transparent polycarbonate material blocks a fraction of 
the light that the pipe could absorb.  So, although the envelope’s function is to minimize heat 
loss, the addition of the envelope also negatively affects the amount of energy input to the 
system.  Further tests were needed to analyze the effect on the overall system. 
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Figure 18: Effect of the convection/radiation heat loss envelope 
 
Figure 21 shows the comparison of the boiler temperature of the system with and without the 
convection/radiation heat loss envelope.  From this data, along with all the data collected during 
this experiment (see Appendix O), the comparisons remained inconclusive due to the very 
similar peak boiler temperature points.  Instead of focusing on the temperature of the boiler, the 
efficiencies of both designs (with and without the convection/radiation cover) were compared 
and evaluated.  The trough efficiency is calculated using: 
            (9) 
where Qirradiance is the irradiance from the sun normal to the surface of the trough, A is the 
aperture area of both troughs, and Qtrough is the energy absorbed by the HTF flowing through the 
troughs defined by:  
 
        (10) 
where  is the mass flow rate, Cp is the specific heat of the HTF and ΔT is the change in 
temperature between the inlet and outlet points of the trough.  Using the efficiency allows for the 
analysis of the troughs while accounting for multiple and various changing parameters.   
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Figure 19: Boiler temperature comparison with and without convection/radiation heat loss envelope 
 
Table 4 depicts a table comparing the efficiencies of the tests with and without the envelope.  
The average efficiency of each day was calculated and the averages of those efficiencies were 
taken.  It was concluded that because the efficiencies of the tests with the envelope were 
generally higher, the system would continue to be analyzed with the addition of the 
convection/radiation heat loss envelope.  
Table 4: Efficiency comparison with and without convection/radiation heat loss envelope 
 
 
It was during this time of the system’s design and analysis that the integration of the two 
separate EES models (trough analysis and boiler/HEX analysis) revealed a new flow rate that 
would yield better temperature results. The new flow rate of 0.015 kg/s with the convective 
envelope was tested and compared to the results of the system with the envelope at other 
various flow rates.  Figure 22 shows a definitive difference between the old flow rate of 0.1 kg/s 
and the new flow rate of 0.015 kg/s. The system reached an overall higher boiler temperature 
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with an all-time high peak reading of 95.25°C.  This test confirmed the target EES model flow 
rate.  
 
Figure 20: Boiler temperature comparison between flow rates 
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Section 6: Business Plan 
 
6.1 Company Goals and Objectives 
  
Future water demand is predicted to increase while current resources are continuously 
depleting.  The team has, therefore, designed a standalone, off-the-grid water purification 
system that provides an economically sustainable model for producing clean drinking water; this 
is achieved using solar parabolic troughs for the distillation process. This system falls between 
reverse osmosis and solar stills in terms of price and performance.  The team specializes in 
manufacturing and developing the water purification system, which will be sold to non-profit 
organizations that help needy coastal communities, as well as to agencies aiding in disaster 
relief. 
 
6.2 Potential Market 
 
Clean water is not an unlimited resource and it is something most developed nations take for 
granted.  Only 3% of the World’s water is actually fresh water, leaving the rest as undrinkable 
ocean water.  Fresh water is even scarcer in developing countries and areas destroyed after 
natural disasters, such as the Haiti earthquake.  Therefore, our system was designed with the 
intent of helping developing coastal communities that have a limited supply of fresh water.  The 
targeted communities would be in developing countries, on the coast, and in sunny regions.  
This would be ideal because the communities could use the ocean water and sun to power the 
system and produce clean water.  We would, therefore, sell our system to non-profit 
organizations that could implement the system in developing coastal communities and for 
disaster relief. 
  
Due to the fact that the Solar-Powered Water Purification System is scalable, the system can 
produce more water with additional solar troughs. The system could, therefore, be marketed in 
developed countries that have a much higher demand for clean water. This would include 
residential areas, large-scale desalination plants, military locations, and “green” businesses that 
want to implement our technology. These potential buyers should be in sunny areas to yield 
maximum efficiency of system. 
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6.3 Personnel 
  
The engineering behind the Solar-Powered Water Purification System would be done in the 
Silicon Valley of California.  Silicon Valley is a great place to develop the system because it is a 
place where sustainable energy is quickly progressing and where there is a high number of 
college graduates who are seeking jobs in the sustainable industry.  In addition to hiring 
engineers, business majors would be hired to help aid the company. Business majors will 
manage company finances, while engineers will focus on designing the system, as well as 
improving manufacturing processes.  The company would also hire manufacturing personnel to 
assemble the system. By manufacturing in-house, the company will support American jobs, as 
well as cut down on importing shipping costs. 
  
6.4 Advertising and Sales Strategies 
  
Advertising has become much easier due to the development of technology and easier access 
to helpful tools. A detailed website would be created to make all information about the system 
and technology readily available for the general public. In addition, Google, social networking, 
and magazine advertising tools would be utilized for additional awareness. As the team further 
develops, a recently graduated marketing major would be hired to help assist the team with the 
marketing strategy. These marketing ideas would help spark more awareness of the company 
and technology in the United States.  
  
6.5 Distribution 
  
The Solar-Powered Water Purification System was designed to fit in a standard-sized shipping 
container. It will also be further designed to be more robust and durable for the shipping journey 
to its final destination. Sales will primarily be direct, with worldwide shipping done through 
companies such as Matson, and Horizon Lines, Inc. 
  
6.6 Manufacturing Plans 
  
The team would manufacture the Solar-Powered Water Purification System in-house. A total of 
75 units would be made the first year with a 30% unit increase each year. The parts will be 
manufactured, unless they were readily available from a vendor and/or made more financial 
sense. As the time goes on and clientele increases, more employees would be hired to help 
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with the manufacturing and assembly workload. Since the area of the system is about the size 
of a king size bed, a suitable working area would be needed to store parts and manufacture the 
system. A small warehouse would be necessary and will allow for the system to be produced in 
a timely manner. 
  
6.7 Product Cost and Price 
  
The Solar-Powered Water Purification System would have a manufacturing cost of about $3,000 
per unit with a retail value of $5,000 per unit. This would give a $2,000 profit per unit and an 
estimated growth rate of 30% annually. Some of the startup expenses would include facilities 
and equipment, advertising, website, legal and professional salaries, and contract services. 
  
6.8 Service and Warranty 
  
The team’s Solar-Powered Water Purification System requires minimal service due to its 
strategic design. The boiler will need to be cleaned approximately once a month to remove 
excess brine and salt from the bottom of the tank. This can be done by simply spraying or 
flushing out the boiler with cleaner water and draining it through the exit at the bottom. In order 
to reach the maximum efficiency, it is essential that the solar trough mirrors are always clean. If 
dirty, they can be cleaned with a cloth material that wipes off dirt and grime, and increases 
reflectivity. 
  
The maximum life span of the system is 10 years. At this time, the pumps and HTF will need to 
be replaced in order to maintain their efficiency. Overall, the system is designed to be 
completely stand-alone and will operate when the “on” switch is turned on. It will have no other 
maintenance requirements besides the cleaning. Therefore, the system will run for 10 years and 
will require very little education to keep it operating. 
  
6.9 Financial Plan and Return on Investment 
  
As a startup company, the team would request $100,000 from investors for funding. The pre-
money value and post-money value would be $750,000 and $850,000, respectively. A $100,00 
investment would give a 12% investor share and a return on investment, in 5 years, of about 
237% (refer to Figure 23). As an exit plan, the team would stay as a private company and would 
further develop the product and business. Not only would investors receive a great return on 
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investment, but they would also be helping solve the World’s demand for clean water in a 
sustainable way. 
 
 
Figure 21: Return on investment for the Solar-Powered Water Purification System 
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Section 7: Engineering Standards and Realistic Constraints 
 
7.1 Societal Influence 
   
The Solar-Powered Water Purification System has widespread implications on the wellbeing of 
society through the vast improvement of public health in various portions of the world.  The 
system utilizes a comprehensive distillation process, by which the dirtied water is shed of both 
its organic and inorganic contaminants.  The World Health Organization (WHO) estimates that 
4.1% of the total global burden of disease can be attributed to waterborne diseases, leading to 
an average of 1.8 million deaths per year [7].  88% of these deaths can be directly attributed to 
waterborne diseases, due specifically to poor water sanitation and hygiene practices.  
 
The most prominent illness comes in the form of diarrheal disease, which accelerates 
dehydration in areas that already lack an adequate supply of clean water.  This form of illness is 
the result of protozoal infections such as: Amoebiasis, Cryptosporidiosis, and Giardiasis, which 
have a strong presence in untreated water.  Similarly, a number of familiar types of bacterial 
infection like, E. coli, Dysentery, Leptospirosis, and Typhoid fever, are all attributed to the 
consumption of unsafe water.  A number of more serious illnesses, such as the parasitic Guinea 
Worm, Hepatitis A, and Polio, can be contracted from untreated water and very commonly lead 
to death [8].  The Solar-Powered Water Purification System deals with these organic 
contaminants through the use of high-temperature water pasteurization.  The goal of 
pasteurization is different from sterilization.  Instead of focusing on the complete degradation of 
all contaminants, pasteurization aims to reduce the number of viable contaminants to a level 
where they are unable to cause sickness.  In the milk industry, it is common practice to heat 
milk up to 71°C for a duration of 15 seconds, resulting in a 99.999% reduction in harmful micro-
organisms, with an overall effectiveness of around 90% in the elimination of harmful bacteria 
within milk [9].  The Solar-Powered Water Purification System progressively heats unpurified 
water up throughout the day to temperatures in excess of 100°C, while the water itself is 
sustained at temperatures above 71°C for anywhere from 45-90 minutes.  This vastly exceeds 
the accepted pasteurization procedures carried out in the milk industry.  However, just the 
removal of microbial infection is not enough to adequately purify water. 
 
Untreated water is also subject to a number of inorganic contaminants, which can cause a wide 
variety of unwanted illnesses, making the water undrinkable.  These contaminants include: salt, 
silt, lead, nitrate, and volatile organic compounds [10].  The distillation process serves to 
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separate any inorganic compounds with a higher boiling point than dihydrogen oxide exclusively 
through its evaporation and recollection.  The once dissolved heavy metals and nitrates are left 
behind in solid form, where they can be safely disposed of.  In addition, highly volatile and 
dangerous organic compounds, including a number of pesticides and herbicides, are quickly 
vaporized; and, thus, removed from the water in the early stages of the distillation process.   
  
The system is aimed at providing an average of 30 L of water per day resulting in a cost of 
$0.046 per liter of water.  However, the system is not limited to a 30 L production and can be 
scaled to accommodate any communal water requirement.  Similarly, the cost of producing 
clean water is 50% lower than the average $2.00 fee for an 18.9 L jug of chlorine treated water.  
The low price and high level of self-sustainability create an attractive option for communities in 
need of a medium to large scale method of purifying water, and ultimately makes the acquisition 
of clean water more accessible to everyone.  By providing a self-sufficient, comprehensive, and 
scalable solution to the world’s shortage of clean water, the quality of life for many people 
around the world can immediately be improved with only a minor financial investment. 
  
7.2 Environmental Impact 
  
Water distillation requires a large quantity of energy to take place.  This energy can be supplied 
from a variety of sources, such as electricity and fossil fuels.  However, burning fossil fuels 
result in large quantities of carbon dioxide emissions to the atmosphere.  To minimize the 
environmental impact of the water distillation system, solar energy, a renewable clean source of 
energy, was used.  Solar parabolic troughs are used to collect heat from the sun by reflecting its 
rays onto a central focal length, and transferring its heat to a non-toxic HTF.  PV panels are 
used to produce the electricity necessary for operation of the system’s electrical components.  
       
The total power consumption of the system is 130 W when all of the components are in use.  
The microcontroller, vapor pump, solar tracking motor, solenoid valve, fan, and HTF pump 
consume 1, 15, 15, 18, 1, and 80 W, respectively.  By implementing a control system, these 
electrical components can be turned on and off as needed to minimize the power consumption 
and size of the PV panel.  A 120-W monocrystalline PV panel is used to power the entire 
system, making it completely off-grid.  A single axis tracking system is used to minimize the 
cosine loss that is typical of static panels, thereby increasing its efficiency. 
  
In addition to having no carbon dioxide emissions, the Solar-Powered Water Purification System 
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produces very little noise.  The loudest component in the system is the HTF pump.  By 
controlling its speed using PWM and variable frequency, both the duty cycle and noise are 
lowered. 
  
By producing a system that uses only the energy captured from the sun to power its 
components and to distill water, carbon dioxide emissions will be minimized.  In addition, no 
power lines will be needed to operate the low-noise system. 
  
7.3 Sustainability Impact 
         
The Solar-Powered Water Purification System is designed with sustainability as one of its main 
design requirements.  The operation of the system has been designed to be based solely on 
energy provided from the sun; thus, the entire heating process of the water, circulation of the 
vapor and HTF of the system, and the positional tracking of the solar collectors is done without 
the need for external electric or fuel sources.  This results in the system having zero emissions, 
and relatively minor amounts of by-products.  These by-products would generally be limited to 
salt cakes that form in the boiler after extended periods of distillation. However, these salt cakes 
could potentially be used or sold as salt licks for livestock, or even used as a means for nutrition 
and food preservation.  
 
7.4 Economic Impact 
 
When designing the Solar-Powered Water Purification System, the team aimed to sell the 
product to non-profit organizations (for use in developing nations near coastal regions) and to 
disaster relief agencies.  Due to the limited funds of these groups, the system had to be retailed 
at a competitive price.  Solar parabolic troughs were employed over the previous Mazdon solar 
collectors due to two main reasons.  First, one Mazdon solar collector with 20 tubes costs 
approximately $2,650.  On the other hand, each solar parabolic trough costs about $300.  
Therefore, more energy can be achieved for a lower cost by employing solar parabolic troughs.  
The second reason solar collectors are more desirous is that they are able to achieve 
temperatures above 100°C; therefore, the pressure within the boiler does not have to be 
lowered (as is the case with the Mazdon solar collectors).   
 
Overall, the cost to produce the system is $3,000, and it would be retailed at $5,000.  This price 
is attractive for agencies with limited funding.  Additionally, more solar collectors can easily be 
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added to yield higher water production levels.  Since the cost of each collector is only $300, the 
productivity can be scaled easily and for a small additional cost.  The Solar-Powered Water 
Purification System will require the buyer to pay an initial upfront cost; however, the cost will 
more than pay for itself over the system’s lifespan.  In addition, the system is competitive with 
current products on the market, with the advantage that it does not require maintenance like the 
other products. 
 
With regards to the product’s financial development, refer to the business plan in Section 6. 
  
7.5 Health and Safety Impact 
 
The Solar-Powered Water Purification System poses many safety and health risks since it 
reaches very high temperatures and produces its own electricity.  Many of the surfaces on the 
system are at temperatures that sometimes exceed 100°C. These surfaces include the HTF 
circulation piping and the boiler. To improve system efficiency, these hot surfaces are insulated 
to prevent heat loss. The insulation doubles as a safety buffer, preventing these surfaces from 
being touched by its users. Similarly, the envelopes placed over each of the parabolic trough 
collector tubes insulate the system while preventing users from touching its surface. 
  
The system uses a 12 V, 120-W PV panel to produce electricity for component operation. To 
prevent overcharging of the battery, a solar charge controller is used. Severely overcharged 
batteries can explode, leaving its surroundings covered in battery acid. The charge controller 
shuts off current flow to the battery when its maximum capacity has been reached. To protect 
users from potential electrical shock, the system must be properly grounded, using the 
grounding rod. The electrical components are all housed in insulated, weatherproof boxes, and 
the wires are run through conduit to minimize exposed wire. 
 
In addition, proper selection of materials and components will prevent electrical components 
from overheating and causing potential burn hazards. 
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Section 8: Conclusion 
 
8.1 Summary 
 
During the spring quarter of 2011, six peers decided to follow up on 2010-2011’s Team Clean 
Water’s Solar Water Purification System. Thus, the Solar-Powered Water Purification System 
team was formed for the 2011-2012 Senior Design Project. The team was given the task to 
improve the previous year’s system; but, after much discussion the team decided to create a 
completely new design. Scrapping only a few components from the previous year’s project, a 
completely new Solar-Powered Water Purification System was designed and built during the 
2011-2012 school year.  
 
The Solar-Powered Water Purification System was designed with the parameters of being 
sustainable/off-grid, portable, cost effective, easy to use, and scalable. These parameters were 
achieved by using solar troughs, which are cost effective, scalable, and can reach boiling 
temperatures for the distillation process, which is a sustainable and cost effective way to 
produce clean water. The solar troughs were built using George Plhak’s “How to Build a 
Tracking Parabolic Solar Collector” instruction manual. A control system was also used and 
powered by a PV panel to make the system off-the-grid and easy to use.  
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Appendix B: Assembly Drawings 
 
B.1 Parts List 
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B.2 Solar-Powered Water Purification System Assembly 
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B.3 Solar Trough and PV Assembly 
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B.4 Boiler, HEX, Condenser, and Clean Water Storage Tank Assembly 
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Appendix C: Assembly Drawings 
 
C.1 Axle Nut 
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C.2 Boiler 
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C.3 Boiler HEX 
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C.4 Condenser 
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C.5 Drive Arm 
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C.6 PV Mount Pieces 
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C.7 Reflector Arms 
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C.8 Solar Trough Hanger 
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C.9 Solar Trough Motor Drive Base 
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C.10 Solar Trough Ribs 
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Appendix D: Detailed Equations (Engineering Equation Solver) 
 
D.1 Total System Level 
 
"*********************************************************************************************************************** 
SYSTEM LEVEL 
***********************************************************************************************************************" 
 
"SYSTEM PROPERTIES 
***********************************************************************************************************************" 
 
g = 9.81 [m/s^2] 
k_2 = 400 * 10^(-3) {conductivity of copper [kW/(m*K)]} 
P_1 = 100 [kPa] 
sigma_1 = 5.670 * 10^(-11) {stefan-boltzmann} 
q_flux_2 = 0.850 [kW/m^2] {energy from the sun} 
T_1 = 30 {C} + 273 {atmospheric temp} 
 
"SALT WATER *****************************************************************************************************" 
T_7= 25 {C} + 273 {assumed inlet temperature of water to boiler} 
m_1 = V_1 * rho_6 {mass of sw in boiler} 
 
"WATER AND VAPOR ********************************************************************************************" 
beta_3 = 0.042 [1/K] {thermal expansion of water} 
Cp_2 = specheat(water, P=P_1, x=0) {specific heat of liquid water} 
dh_1 = he_2 - he_1 {latent heat of vaporization of water evaporating} 
he_1 = enthalpy(Water,P=P_1,x=0) 
he_2 = enthalpy(Water,P=P_1,x=1) 
k_1 = 0.668*10^(-3)  {conductivity, water at 70 C [kW/(m*K)]} 
m_dot_2 = V_dot_1 * rho_1 {mass flow rate of vapor kg/s} 
mu_3 = viscosity(water, P=P_1, x=0) {dynamic viscosity of water} 
Pr_3 = prandtl(water, P=P_1, x=0) {prandtl number of water} 
rho_1 = density(water, P=P_1, x=1) {density of vapor} 
rho_6 = density(water, T=T_7, P=P_1) 
T_6 = temperature(water, P=P_1, x=1) 
V_dot_1 = V_dot_2 / 951019.4 {volumetric flow rate of vapor, m^3/s} 
V_dot_2 = 1 [gal/hr] {desired volumetric flow rate of vapor, gal/hr} 
 
"AIR *****************************************************************************************************************" 
beta_1 = 3.2 * 10^(-3) {coeff of volume expansion of air} 
k_4 = 0.024 * 10^(-3) {thermal conductivity of air  [kW/(m*K)]} 
mu_2 = viscosity(air,T=T_1) {dynamic viscosity of air} 
Pr_2 = prandtl(air,T=T_1) 
rho_3 = density(air, P=P_1, T=T_1) 
Vel_2 = 1 [m/s] {velocity of air over troughs} 
 
"HTF - DURATHERM **********************************************************************************************" 
Cp_1 = 2.386 [kJ/kg*K] {specific heat of HTF} 
k_3 = 0.137 * 10^(-3)  {thermal conductivity of HTF} 
m_dot_1 = 0.11 [kg/s] {mass flow rate of HTF} 
mu_1 = nu_1 * rho_2  {dynamic viscosity} 
nu_1 = 1.3 * 10^(-6) {kinematic viscosity m^2 / s} 
Pr_1 =  Cp_1 * mu_1 / k_3 {prandtl} 
rho_2 = 793 [kg/m^3] {density of HTF} 
spv_1 = 1/rho_2 {specific volume of HTF} 
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T_avg_1 = (T_4+ T_3)/2 {avg temp of HTF in boiler} 
T_avg_2 = (T_2 + T_3)/2 {avg temp of HTF in trough} 
V_dot_3= m_dot_1 * spv_1 {volumetric flow rate of HTF, m^3/s} 
V_dot_4 = V_dot_3 *951019.4 [gal/hr] {volumetric flow rate of HTF, gal/hr} 
 
"*********************************************************************************************************************** 
HELICAL BOILER 
***********************************************************************************************************************" 
 
"SUBSYSTEM PARAMETERS************************************************************************************" 
k_5 = 0.250 [kW/(m * K)] {thermal conductivity of boiler material - 
aluminum} 
 
Q_1 = m_dot_1 * Cp_1 * (T_3-T_4) {solves for T_4} 
 
"GEOMETRIES*****************************************************************************************************" 
 
"Boiler" 
A_o_2 = pi*d_5 * ht_3 {outer surface area of boiler} 
d_4 =15.5 {in} * 0.0254 {inner diameter of boiler} 
d_5 = 16.25 {in} * 0.0254 {outer diameter of boiler} 
ht_2 =7 {in} * 0.0254 {height of salt water in boiler} 
ht_3 = 18 {in} * 0.0254 {height of boiler} 
V_1 = ht_2 * (pi/4) * (d_4)^2 {volume of salt water in boiler} 
 
"HEX" 
A_c_1 = pi/4 * (d_1)^2 {cross sectional area of HEX pipe} 
A_i_1 = L_1 * d_1 * pi {total inner surface area of the coil HEX} 
A_o_1 = L_1 * d_2 * pi {total outer surface area of the helical HEX} 
c_1 = pi * d_3 {circumference of one loop of the helical HEX} 
d_1 = 0.311 {in} * 0.0254  {0.0254 m/in}  {inner diameter of HEX tubing}  
d_2= (3/8) {in} * 0.0254 {outer diameter of HEX tubing}  
d_3 = (12 + 3/8) {in} * 0.0254 {diameter of one loop of the helical HEX} 
ht_1 = 1 {in} * 0.0254 {height of one loop of the helical HEX} 
L_1 = ((ht_1^2) + (c_1^2))^0.5 * n_1 {total length of the helical HEX} 
n_1 = 8 
 
 
"HEAT TRANSFER FROM HEX to SW -- CHOOSE NUCLEATE BOILING OR NATURAL CONVECTION  
REGIME*****" 
 
"From HEX" 
Vel_1 = (m_dot_1 * spv_1) / A_c_1 {velocity of HTF in HEX} 
Re_1 = (Vel_1 * d_1) / nu_1 {Reynolds number} 
 
Nusselt_1 = 0.023 * (Re_1)^(4/5) * (Pr_1)^0.3 {assumed turbulent}   
h_1 = (Nusselt_1 * k_3) / d_1 {heat transfer coefficient} 
 
R_1 = 1/(h_1 * A_i_1) {convective resistance between HTF and HEX 
inner surface} 
R_2 = ln((d_2/2)/(d_1/2)) / (k_2 * 2 * pi * L_1) {conduction resistance through HEX} 
 
Q_1 = (T_avg_1 - T_8) / (R_1 + R_2) {Heat provided by HEX, solves for T_8(surface 
temp)} 
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"To Saltwater" 
 
 "IF Nucleate Boiling" 
 
q''_s=Nucleate_Boiling(Fluid$, T_sat, T_w, C_s_f) 
 Fluid$ = 'Water' 
 T_sat = T_6 
 T_w = T_8 {HEX surface temperature} 
 C_s_f = 0.0068 {from pg 628 of Heat Transfer book, scored 
water-copper} 
 
q_flux_1 = q''_s / 1000 {converts from W to kW} 
Q_1 = q_flux_1 * A_o_1 {Heat provided by HEX} 
 
{=============================================================================== 
"IF natural convection (ramp up)" 
 
Gr_1 = (d_2^3 * rho_6^2 * g * (T_8 - T_7) * beta_3)/(mu_3^2)  
Ra_1 = (Pr_3) * (Gr_1) 
Nusselt_2 = (0.825 + ((0.387*Ra_1^(1/6))/((1+(0.492/Pr_3)^(9/16))^(8/27))))^2 
 
h_2 = (Nusselt_2 * k_1) / d_2 
R_3 = 1/(h_6 * A_o_1) {resistance due to convection} 
 
Q_1 = (T_avg_1 - T_7) / (R_1 + R_2 + R_3) {Heat provided by HEX to the salt water} 
Q_1 * time_1 = (rho_6 * V_1) * Cp_3 * (T_5 - T_7) {total heat (kJ) provided by the HTF, solves for 
T_15} 
===============================================================================} 
 
"Heat Transfer in kJ ************************************************************************************************" 
 
time_1 = L_1 / Vel_1 {time that the HTF remains in the HEX} 
Heat_1 = Q_1 * time_1 {kJ transferred through HEX} 
 
"DESIRED EVAPORATION OF WATER ************************************************************************" 
 
Q_2 = m_dot_2 * ((Cp_2 * ( T_6 - T_7)) + (dh_1)) {Q required to evaporate desired m_dot_2} 
 
"ENERGY LOSSES -- CHOOSE FORCED OR NATURAL CONVECTION **********************************" 
 
"Conductive Resistance" 
 
R_4 = ln((d_5/2)/(d_4/2)) / (k_5 * 2 * pi * ht_3) {conduction resistance through boiler} 
 
"Convective Resistance" 
 
 "IF forced convection" 
 
Re_2 = (rho_3 * Vel_2 * d_5) / mu_2 {Reynolds number of air over troughs} 
Nusselt_3 = C * Re_2^m * Pr_2^(1/3) {Nusselt number of air over troughs} 
 C = 0.683 {for 40<Re<40000} 
 m = 0.466 {for 40<Re<40000} 
 
{=============================================================================== 
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"IF natural convection" 
DT_1 = T_6 - T_1 {temperature difference between saturation and 
air} 
Gr_2 = (d_5^3 * rho_3^2 * g * DT_1* beta_1)/(mu_2^2)  
Ra_2 = (Pr_2) * (Gr_2) 
Nusselt_3 = (0.825 + ((0.387*Ra_2^(1/6))/((1+(0.492/Pr_2)^(9/16))^(8/27))))^2 
===============================================================================} 
 
h_3 = Nusselt_3 * k_4 /d_5 {heat transfer coefficient for convection between 
air and boiler} 
R_5 = 1/(h_3 * A_o_2) {resistance to natural convection through boiler} 
 
"Heat Loss" 
Q_3 = (T_6 - T_1) / (R_4 + R_5)  {losses from boiler} 
 
 
"*********************************************************************************************************************** 
PARABOLIC TROUGH 
***********************************************************************************************************************" 
 
"SUBSYSTEM PARAMETERS ***********************************************************************************" 
 
"Solar Collector Pipe" 
  
DT_2 = T_3 - T_2 
epsilon_1 = 1 {emissivity}  
Q_9 = m_dot_1 * Cp_1 * (T_3-T_2) {solves for T_3, exit trough temp} 
refl_1 = 0.85 {reflectivity of mirror} 
T_2 =98.2 {C} + 273 {temp of HTF entering trough} 
trans_1 = 0.86 {transmitivity of protective envelope} 
Vel_3 = V_dot_3 / A_c_2 {velocity of HTF through troughs} 
 
"GEOMETRIES ****************************************************************************************************" 
 
"Trough" 
L_3 = 18 {in} * 0.0254 {chord/width} 
L_4 = 32 {ft} * 0.3048 {total length of trough} 
 
"Pipe" 
A_c_2 = pi/4 * d_7^2 {cross sectional area of HCE} 
A_i_3 = pi * d_7 * L_4 {inner surface area of HCE} 
d_6 = 1.24 {in} * 0.0254 {OD of pipe} 
d_7 = d_6 - (2*L_2) {ID of pipe} 
L_2 = 0.042 {in} * 0.0254 {thickness of pipe, other options are 0.042, 
0.049, 0.06, and 0.072 "} 
 
"CONVECTIVE HEAT TRANSFER TO SURROUNDINGS -- CHOOSE FORCED OR NATURAL 
CONVECTION ****************" 
 
 "IF forced convection" 
{=============================================================================== 
Re_3 = (rho_3 * Vel_2 * d_6) / mu_2 {Reynolds number of air over troughs} 
Nusselt_4 = C * Re_3^m * Pr_2^(1/3) {Nusselt number of air over troughs} 
 { 
87 
 
 C = 0.683 {for 40<Re<40000     C and m values previously 
defined from boiler, check Re_3} 
 m = 0.466 {for 40<Re<40000} 
 } 
h_4 = Nusselt_4 * k_4 /d_6 
===============================================================================} 
 
 "IF natural convection" 
DT_3 = T_avg_2 - T_1 {temp difference between HTF and 
surroundings} 
Gr_3 = (d_6^3 * rho_3^2 * g * DT_3* beta_1)/(mu_2^2) 
Ra_3 = (Pr_2) * (Gr_3) 
Nusselt_4 = (0.825 + ((0.387*Ra_3^(1/6))/((1+(0.492/Pr_2)^(9/16))^(8/27))))^2 
h_4 = Nusselt_4 * k_4 /d_6 
 
"ENERGY BALANCE **********************************************************************************************" 
Q_11 = q_flux_2 * L_3 * L_4 {energy in from sun, solve for L_4} 
Q_7 = (T_avg_2^4 - T_1^4) * epsilon_1 * sigma_1 * d_6 * pi * L_4    {energy loss to radiation} 
Q_8 = h_4 * pi * d_6 * L_4 * (T_2 - T_1) {energy loss due to convection to surroundings} 
 
Q_9= (refl_1 * trans_1 * Q_11) - Q_7 - Q_8 {Net Q into trough}                  
 
time_2 = L_4 / (v_dot_3/A_c_2) {time of HTF in troughs} 
Heat_9 = Q_9 * time_2 {kJ absorbed by HTF in troughs} 
 
"TO CALCULATE DESIRED Q_10, M_DOT_1, OR DT_2 *****************************************************" 
 
Q_10 = m_dot_1 * Cp_1 * DT_2 {Q required to obtain specified DT_2 based on 
m_dot_1} 
 
 
"TROUGH EFFICIENCY ******************************************************************************************" 
eta_trough = Q_9 / Q_11 {efficiency of trough} 
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D.2 Condenser Length 
 
"*********************************************************************************************************************** 
CONDENSER LENGTH 
***********************************************************************************************************************" 
 
"SYSTEM PROPERTIES******************************************************************************************" 
g = 9.81 [m/s^2] 
k_2 = 400 * 10^(-3) {conductivity of copper [kW/(m*K)]} 
P_1 = 100 [kPa] 
 
"CONDENSING FLUID -- CHOOSE WATER OR AIR***********************************************************" 
T_11 = 80 {C} + 273 {condensing fluid temperature} 
 
{=============================================================================== 
 "Water" 
beta_3 = 624.2 * 10^(-6) {coeff of thermal expansion of condensing fluid} 
k_6 = 668 * 10^(-3) {thermal conductivity of condensing fluid} 
mu_4 = viscosity(water, P=P_1,T=T_11) {dynamic viscosity of condensing fluid} 
Pr_5 = 2.29 {prandtl number of condensing fluid} 
rho_5 = density(water, P=P_1, T=T_11) {density of condensing fluid} 
===============================================================================} 
 
 "Air" 
beta_3 = 1/T_11 {coeff of thermal expansion of condensing fluid} 
k_6 = 0.024 * 10^(-3) {thermal conductivity of condensing fluid} 
nu_2 = 20.92*10^(-6) {kinematic viscosity of condensing fluid} 
mu_4 = nu_2 * rho_5 {dynamic viscosity of condensing fluid} 
Pr_5 = prandtl(air,T=T_11) {prandtl number of condensing fluid} 
rho_5 = density(air, P=P_1, T=T_11) {density of condensing fluid} 
 
 
"WATER AND VAPOR ********************************************************************************************" 
Cp_2 = specheat(water, P=P_1, x=0) {specific heat of liquid water} 
dh_1 = he_2 - he_1 {enthalpy difference due to latent heat} 
dh_2 = he_1 - he_3 {enthalpy difference due to sensible heat} 
he_1 = enthalpy(water, P=P_1, x=0) {enthalpy of water right after condensing (x=0)} 
he_2 = enthalpy(water, P=P_1, x=1) {enthalpy of steam entering condenser} 
he_3 = enthalpy(water, P=P_1, T = T_9) {enthalpy of water exiting condenser, into clean 
tank} 
m_dot_2 = V_dot_1 * rho_1 {desired mass flow rate of vapor kg/s} 
mu_3 = viscosity(water, P=P_1, x=0) {dynamic viscosity of water} 
rho_1 = density(water, P=P_1, x=1) {density of vapor} 
rho_4 = density(water, P=P_1, x=0) {density of condensed water, at x=0}  
T_9 = 95 {C} + 273 {temperature of vapor exiting condenser} 
T_avg_3 = (T_6 + T_9) / 2 {average temperature of water in condenser} 
T_6 = temperature(water, P=P_1, x=1) {saturation temperature} 
V_dot_1 = V_dot_2 / 951019 {volumetric flow rate, m^3/s} 
V_dot_2 = 1 [gal/hr] 
 
"GEOMETRIES*****************************************************************************************************" 
 
"Condenser" 
d_8 = (3/8) {in} * 0.0254 {OD of condenser} 
d_9 = 0.311 {in} * 0.0254 {ID of condenser} 
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A_i_2 = L_5 * pi * d_9 {inner surface area of condenser} 
A_o_3 = L_5 * pi * d_8 {outer surface area of condenser} 
 
 
"ENERGY BALANCE **********************************************************************************************" 
 
Q_4 = dh_1 * m_dot_2 {latent heat to be removed by condenser, kW} 
Q_5= dh_2 * m_dot_2  {sensible heat to be removed by condenser, kW} 
 
Q_6 = Q_4 + Q_5 {total heat to be removed by condenser} 
 
 Q_6 = (T_avg_3 - T_11) / ({R_6 +} R_7 + R_8) 
Q_6= (T_avg_3 - T_10) / ({R_6 +} R_7) 
 
"RESISTANCES 
***********************************************************************************************************************" 
 
"Film condensation on inner tube to surface *********************************************************************" 
 
dh_3 = dh_1+ (3/8) * Cp_2 * ( T_avg_3 - T_10) {modified latent heat, pg 654 HT book} 
 
h_6 = 0.555 * ( (g * rho_4* (rho_4 - rho_1) * k_6^3 * dh_3) / (mu_3 * (T_avg_3 - T_10) * d_9))^0.25 
 
R_6 = 1/(h_6 * A_i_2) 
 
"Conduction of condenser *****************************************************************************************" 
 
R_7 = ln((d_8/2) / (d_9/2)) / (2 * pi * k_2 * L_5) 
 
"Natural convection from condenser to condensing fluid *******************************************************" 
Gr_4 = (d_8^3 * rho_5^2 * g * (T_10 - T_11)* beta_3)/(mu_4^2) 
Ra_4 = (Pr_5) * (Gr_4) 
Nusselt_5 = (0.825 + ((0.387 * Ra_4^(1/6))/((1+(0.492/Pr_5)^(9/16))^(8/27))))^2 
h_5 = Nusselt_5 * k_6 /d_8 
 
R_8 = 1/(h_5 * A_o_3) 
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D.3 EES Nomenclature 
 
Variable Units Description 
A_c_1 m2 Cross sectional area of HEX pipe 
A_c_2 m2 Cross sectional area of HCE 
A_i_1 m2 Inner surface area of the HEX 
A_i_2 m2 Inner surface area of HCE 
A_i_3 m2 Inner surface area of condenser 
A_o_1 m2 Outer surface area of HEX 
A_o_2 m2 Outer surface area of boiler  
A_o_3 m2 Outer surface area of condenser 
beta_1 1/K Coefficient of thermal expansion for air 
beta_2 1/K Coefficient of thermal expansion for water 
beta_3 1/K Coefficient of thermal expansion for condensing fluid 
C_s_f  Constant for nucleate boiling heat flux, given in HT textbook pg 628 
Cp1 kJ/kgK Specific heat of HTF 
Cp2 kJ/kgK Specific heat of liquid water 
c1 m Circumference of one loop of the helical HEX 
d1 m Inner diameter of HEX tubing 
d2 m Outer diameter of HEX tubing 
d3 m Center to center diameter of one loop of the HEX helix 
d4 m Inner diameter of the boiler 
d5 m Outer diameter of boiler 
d6 m Outer diameter of pipe for HTF 
d7 m Inner diameter of pipe for HTF 
d8 m Outer diameter of condenser pipe 
d9 m Inner diameter of condenser 
dh1 kJ/kg Latent heat of vaporization of water 
dh2 kJ/kg Sensible enthalpy loss of vapor in condenser  
dh3 kJ/kg Modified latent heat (pg 654, HT book) for film condensation resistance 
DT1 K Temp difference between saturation and air  
DT2 K Temp difference between HTF in and out of trough 
DT3 K Temp difference between HTF and surroundings 
epilson1  Emissivity of pipe in collector 
eta_trough  Efficiency of trough 
g m/s2 Acceleration due to gravity 
Gr1  Grashof number for natural convection from HEX to salt water in boiler 
Gr2  Grashof number for convection from air outside boiler 
Gr3  Grashof number for natural convection from pipe to surroundings 
Gr4  Grashof number for condensing fluid 
h1 kW/m2K Heat transfer coefficient for convection from flow of HTF in HEX 
H2 kW/m2K Heat transfer coefficient for natural convection on HEX to sw in boiler 
H3 kW/m2K Heat transfer coefficient for natural convective air on outer surface of boiler 
H4 kW/m2K Heat transfer coefficient for natural convection to air outside collector pipe 
H5 kW/m2K Heat transfer coefficient for natural convection of condensing fluid 
H6 kW/m2K Heat transfer coefficient for film condensation  
he1 kJ/kg Enthalpy of water at P=P_1, x=0 
he2 kJ/kg Enthalpy of water at P=P_1, x=1 
he3 kJ/kg Enthalpy of water at T_9 
Heat_1 kJ Total energy transferred through HEX 
Heat_2 kJ Total energy absorbed by HTF through trough 
ht1 m Height of one loop of HEX helix 
ht2 m Height of salt water in boiler 
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ht3 m Height of boiler 
k1 kW/mK Thermal conductivity of water at 70 C 
k2 kW/mK Thermal conductivity of copper 
k3 kW/mK Thermal conductivity of HTF 
k4 kW/mK Thermal conductivity of air 
k5 kW/mK Thermal conductivity of boiler material 
k6 kW/mK Thermal conductivity of condensing fluid 
L1 m Total length of the HEX 
L2 m Thickness of trough pipe  
L3 m Length of chord across parabolic trough 
L4 m Total length of trough collectors 
L5 m Total length of condenser 
m1 kg Mass of sw in boiler 
mdot,1 kg/s Mass flow rate of HTF 
mdot,2 kg/s Mass flow rate of vapor 
mu1 kg/ms Dynamic viscosity of HTF at P=P_1, T=T_11 
mu2 kg/ms Dynamic viscosity of air at T=T_1 
mu3 kg/ms Dynamic viscosity of water at P=P_1, x=0 
mu4 kg/ms Dynamic viscosity of condensing fluid at T=T_11 
n1  Number of loops in HEX helix 
nu1 m2/s Kinematic viscosity of HTF 
nu2 m2/s Kinematic viscosity of condensing air  
Nusselt_1  Nusselt number of HTF through HEX 
Nusselt_2  Nusselt number for natural convection  from HEX to salt water in boiler 
Nusselt_3  Nusselt number for natural convection of air on outer surface of boiler 
Nusselt_4  Nusselt number for convection from collector pipe to surroundings 
Nusselt_5  Nusselt number of condensing fluid for natural convection over condenser 
P1 kPa Pressure in boiler 
Pr1  Prandtl number of HTF 
Pr2  Prandtl number of atmospheric air at T1 
Pr3  Prandtl number of water 
Pr4  Prandtl number of condensing fluid 
Q1 kW Heat transfer from HTF to surface of HEX 
Q2 kW Q required to evaporate m_dot_2 
Q3 kW Q loss through boiler 
Q4 kW Q required to condense vapor (latent) 
Q5 kW Q required to change temperature after vapor condensed (sensible) 
Q6 kW Total Q transfer required in condenser 
Q7 kW Q lost to radiation 
Q8 kW Q lost to convection 
Q9 kW Net heat transferred to HTF through trough 
Q10 kW Q required to obtain specified DT_2 based on m_dot_1 
Q11 kW Q into the trough (from sun) 
q_flux_1 kW/m2 Heat flux for nucleate boiling in boiler.   
q_flux_2 kW/m2 Heat flux from sun 
R1 K/kW Resistance to convective heat transfer from HTF to HEX inner surface 
R2 K/kW Resistance to conductive heat transfer through helical HEX 
R3 K/kW Resistance due to natural convection on HEX outer surface 
R4 K/kW Resistance to conduction through boiler 
R5 K/kW Resistance due to natural convection on boiler outer surface 
R6 K/kW Resistance due to film condensation 
R7 K/kW Resistance due to conduction through condenser 
R8 K/kW Resistance due to natural convective to condensing fluid 
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Ra_1  Rayleigh number (D) natural convection to salt water in boiler 
Ra_2  Rayleigh number (D) natural convection to outer surface of boiler 
Ra_3  Rayleigh number (D) natural convection to outer surface of collector pipe 
Ra_4  Rayleigh number (D) of condensing fluid 
Re1  Reynolds number (D) of HTF 
Re2  Reynolds number of air over boiler 
Re3  Reynolds number of air over troughs 
Refl_1  Reflectivity of trough 
rho1 kg/m3 Density of vapor at P=P_1, x=1 
rho2 kg/m3 Density of HTF 
rho3 kg/m3 Density of air at T1 
rho4 kg/m3 Density of compressed liquid water at P=P_1, T=T_9 
rho5 kg/m3 Density of condensing fluid at P=P_1, T=T_11 
rho6 kg/m3 Density of liquid water in boiler 
sigma1 kW/m2K4 Stefan-Boltzmann constant 
spv1 m3/kg Specific volume of HTF 
Tavg,1 K Average temperature of HTF in boiler 
Tavg,2 K Avg temp of HTF in troughs 
Tavg,3 K Average temp of condensing vapor 
T1 K Atmospheric temperature 
T2 K HTF Temperature into the solar collector  
T3 K HTF Temp out of the solar collector  
T4 K Temperature out of boiler 
T5 K Temperature of sw in boiler after heating 
T6 K Saturation temperature of water at P=P1, x=1 
T7 K Temp of salt water in the boiler 
T8 K Temp of HEX surface 
T9 K Temperature of condensed liquid exiting condenser 
T10 K Condenser outer surface temperature 
T11 K Temperature of fluid surrounding condenser 
Time1  Time of HTF in HEX 
Time_2  Time of HTF in troughs 
Trans1  Transmitivity of protective envelope 
V1 m3 Volume of salt water in boiler 
Vdot,1 m3/s Volumetric flow rate of vapor  
Vdot,2 gal/hr Volumetric flow rate of vapor  
Vdot,3 m3/s Volumetric flow rate of HTF  
Vdot,4 gal/hr Volumetric flow rate of HTF  
Vel1 m/s Velocity of HTF in HEX 
Vel2 m/s Velocity of ambient air 
Vel3 m/s Velocity of HTF in troughs 
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Appendix E: Data Sheets 
 
E.1 K-Thermocouple 
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E.2 Motor Speed Controller 
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E.3 Thermocouple Probe 
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E.4 Duratherm-450 
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E. 5 Arduino Board Mega 2560 
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Appendix F: Wiring Diagrams/Schematics 
 
F.1 LCD Wiring Schematic 
 
 
 
F.2 Power Switching Schematic 
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F.3 System Wiring Schematic 
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Appendix G: Conceptual Designs 
 
G.1 Large Boiler Design 
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G.2 Singular Boiler/Combined Salt-Water Storage Tank Design 
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G.3 Vacuum Boiler Design 
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G.4 Solar Still Boiler Design 
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G.5 Shell and Tube Design 
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G.6 Heat Storage Design 
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G.7 Outer Heat Collector Design 
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G.8 Salt Water Storage Tank Design 
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G.9 Solar Trough Design 
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G.10 Screen Filter Design 
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G.11 Condenser Design 
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G.12 Collector and Solar Design 
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G.13 Semi-Circle Solar Design 
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Appendix H: Concept Scoring 
 
H.1 Concept Scoring for Boiler Designs 
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H.2 Concept Scoring for Pre-Heat and Condenser Designs 
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H.3 Concept Scoring for Heating Element Designs 
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Appendix I: Quality Function Deployment (QFD) 
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Appendix J: Prioritizing Matrices 
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Appendix K: Project Design Specifications (PDS) 
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Appendix L: Timeline 
 
 
144 
 
 
145 
 
Appendix M: Budget Spreadsheets 
 
Funding Description Amt. Received     
     School of Engineering Grant $3,000      
     CSTS $3,000      
     TOTAL $6,000      
   
        Subsystem Component Description Part # # of Items B/M/O Cost/Part Responsible Person Total Cost 
Controls Arduino Mega C027 1 O 55.09 Reece 55.09 
 
Thermocouple Shield C028 1 O 72.16 Reece 72.16 
 
Solenoid Valve C025 1 O 48.68 Reece 48.68 
 
20x4 LCD Module C024 1 O 25.99 Reece 25.99 
 
Other Electrical Components 
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SUBSYSTEM TOTAL 379.92 
        Solar MC-4 Cable Adapter S001 1 O 15.95 Reece 15.95 
  Mercury Tilt Switch S002 2 O 7.09 Reece 14.18 
  MC-4 Extension Cable S003 2 O 19.25 Reece 38.5 
  Ball Bearing S004 1 O 6.98 Erin 6.98 
  Yoke End S005 2 O 11.08 Erin 22.16 
  Mounted Ball Bearing S006 1 O 17.88 Erin 17.88 
  Mounted Bronze Bearing S007 1 O 13.1 Erin 13.1 
  12 V Gear Motor S008 1 O 64.15 Erin 64.15 
  12 V, 50 AH Battery S009 1 O 153 Reece 153 
  120 W Solar Panel S010 1 O 378.34 Reece 378.34 
  Charge Controller S011 1 O 39.91 Reece 39.91 
  Solar Tracking Controller S012 1 O 30 Reece 30 
  Foam Strip S013 2 B 4.84 Erin 9.68 
  Arylic Mirror S014 2 B 130.99 Erin 261.98 
            SUBSYSTEM TOTAL 1065.81 
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Subsystem Component Description Part # # of Items B/M/O Cost/Part Responsible Person Total Cost 
Boiler/Condenser RF-100 Vapor Pump BC001 1 O 70.95 Andrew 70.95 
  Duratherm 450 - 5 gal. BC002 2 O 46.95 Alina 93.9 
  Hot Loop Pump BC003 1 O 579.99 Alina 579.99 
  Copper HEX BC004 1 B 39.99 Erin 39.99 
            SUBSYSTEM TOTAL 784.83 
                
Salt/Fresh Water 12 Gallon Tank SF001 1 O 89.99 Alex 89.99 
  Exapansion Tank SF002 1 O 120 Alex 120 
            SUBSYSTEM TOTAL 209.99 
                
                
Foundation Aluminum Tube, Square FP001 3 B 14.81 Andrew 44.43 
/Piping HREW Tube, Round FP002 1 B 13.87 Andrew 13.87 
  Plywood FP003 1 B 69.22 Reece 69.22 
  Polyurethane Paint FP004 1 B 18.27 Erin 18.27 
  Trim Roller FP005 3 B 5.73 Erin 17.19 
  Edger Tray FP006 2 B 1.94 Erin 3.88 
  Valspar White Primer FP007 1 B 20.98 Erin 20.98 
  Copper Pipe 1" FP008 2 B 42.64 Andrew 85.28 
      
SUBSYSTEM TOTAL 273.12 
        
      
Total Cost 2713.67 
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Appendix N: Experimental Data 
 
N.1 Preliminary Boiler Temperature Tests 
 
4/21/12 
Initial Boiler Temp 
Test 
 
4/22/12 
Initial Boiler Temp 
Test 
 
4/23/12 
Initial Boiler Temp 
Test 
 
4/24/12 
Initial Boiler Temp 
Test 
Mass Flow Rate = 0.125 kg/s 
 
Mass Flow Rate = 0.125 kg/s 
 
Mass Flow Rate = 0.075 kg/s 
 
Mass Flow Rate = 0.005 kg/s 
Time 
Boiler 
(°C) 
Irradiance 
(W/m2) 
 
Time 
Boiler 
(°C) 
Irradiance 
(W/m2) 
 
Time 
Boiler 
(°C) 
Irradiance 
(W/m2) 
 
Time 
B oiler 
(°C) 
Irradiance 
(W/m2) 
10:05 21.75 997 
 
12:30 35 1004 
 
10:50 25.75 992 
 
10:40 25 1019 
10:10 24 974 
 
12:41 40 977 
 
11:00 27.75 1000 
 
10:50 29 1138 
10:20 26 985 
 
12:50 42 1028 
 
11:10 29.75 990 
 
11:00 35.5 1158 
10:30 31 989 
 
13:00 43.75 1019 
 
11:20 32.5 970 
 
11:10 39 1100 
10:40 37.5 984 
 
13:10 46 1021 
 
11:30 34.75 978 
 
11:20 41 1105 
10:50 41 1009 
 
13:21 51.25 1017 
 
11:40 37.25 978 
 
11:30 44 1020 
11:00 44 1009 
 
13:30 56.5 1017 
 
11:50 39 1039 
 
11:40 48 1093 
11:10 48 1015 
 
13:41 60.25 1021 
 
12:00 42.25 409 
 
11:50 52 1050 
11:20 52 1013 
 
13:51 63 1018 
 
12:10 42.75 520 
 
12:00 55.5 1019 
11:30 54.5 1014 
 
14:01 66 1022 
 
12:20 42.5 479 
 
12:10 58.8 1053 
11:40 55 1020 
 
14:10 67.75 1016 
 
12:30 42.75 416 
 
12:20 61.5 1026 
11:52 59.5 1023 
 
14:20 69 1009 
 
12:40 42.25 419 
 
12:30 62.5 1016 
12:00 62.25 1020 
   
 
 
12:50 41.25 501 
 
12:40 64.5 992 
12:10 66 1024 
     
13:00 41.5 409 
 
12:50 65.25 1040 
12:20 68.75 1006 
     
13:10 41.25 481 
 
13:00 66 1070 
12:30 69 1008 
     
13:20 41.75 746 
 
13:10 66 1046 
12:40 70 1008 
       
 
 
13:20 68 1000 
12:50 70.75 1006 
         
13:30 68.75 1036 
13:00 70.25 1000 
         
13:40 69 270 
13:10 70 1019 
         
13:50 69.5 980 
13:20 70.25 1021 
         
14:00 70.5 260 
13:30 71.75 1013 
         
14:10 71 970 
13:40 72.5 1037 
         
14:20 71.5 1040 
13:50 73.75 1027 
           
 
14:00 75.5 1015 
            14:10 78 1018 
            14:20 78.25 1016 
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N.2 Boiler Temperature Comparison of Preliminary Boiler Temperature Tests 
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N. 3 Adjusted Trough Temperature Tests 
 
4/27/2012 Adjusted Trough Temp Test  4/28/2012 Adjusted Trough Temp Test  
Mass Flow Rate = 0.050 kg/s  Mass Flow Rate = 0.100 kg/s  
Time 
Boiler 
Temp 
(°C) 
Trough 
Inlet 
(°C) 
Trough 
Outlet 
(°C) 
Irradiance 
(W/m2)  Time 
Boiler 
Temp 
(°C) 
Trough 
Inlet 
(°C) 
Trough 
Outlet 
(°C) 
Irradiance 
(W/m2)  
12:50 62.5 57 66 998  10:00 29 19 19 920  
13:00 64.5 59 68 995  10:10 29.25 25 26 945  
13:10 66.5 60 69 1001  10:20 31.5 30 32 961  
13:20 69 62 71 990  10:31 34.25 34 36 968  
13:30 70.25 63 72 975  10:40 38 36 38 950  
13:40 71.5 63 71 968  10:50 40 37 4 983  
13:50 72.5 65 72 966  11:00 44.25 42 45 986  
14:00 73.75 65 71 979  11:15 48 45 49 980  
14:10 74.75 66 72 950 ` 11:20 50 46 49 982  
14:20 75 66 72 975  11:30 52 48 52 970  
14:30 75 67 72 954  11:42 55 52 56 960  
14:40 75.75 68 74 946  11:54 58.25 54 59 980  
14:50 75.75 66 70 933  12:05 60.25 54 59 988  
15:00 74 66 69 996  12:18 62 56 60 980  
15:10 75 68 76 996  12:28 63 57 62 997  
15:20 76.25 68 75 980  12:38 65.5 58 62 970  
15:30 76.75 69 75 966  12:48 66.5 59 63 981  
15:40 77.25 69 75 935  12:58 68.25 61 65 975  
15:50 78 69 75 911  13:08 69 63 67 990  
16:00 77.25 69 74 795  13:18 71 65 70 992  
16:10 76.5 66 70 792  13:28 72.5 65 70 981  
    974.5882  13:38 74 67 71 981  
     
 13:48 74.5 67 71 990  
     
 13:58 75 68 72 1000  
     
 14:11 75.25 69 73 983  
     
 14:19 76.5 70 73 1000  
     
 14:31 77 71 75 998       
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4/29/2012 Adjusted Trough Temp Test 
Mass Flow Rate = 0.100 kg/s 
Time Boiler Temp (°C) Trough Inlet (°C) 
Trough Outlet 
(°C) 
Irradiance 
(W/m2) 
10:40 34.25 34 41 960 
10:50 40.25 38 45 965 
11:00 44.5 44 48 984 
11:10 49.75 49 53 991 
11:20 52.75 51 55 985 
11:30 56.75 55 60 964 
11:40 60.25 58 63 967 
11:50 63.5 60 66 960 
12:00 66.5 62 69 1090 
12:10 69 64 70 981 
12:20 71.25 67 73 984 
12:30 73.25 68 75 989 
12:40 75 69 75 990 
12:50 77 72 78 998 
13:00 78 72 77 1000 
13:10 79.5 72 78 982 
13:20 79.75 74 79 985 
13:30 81.25 71 80 986 
13:40 81.5 73 78 985 
13:50 81.75 75 81 983 
14:00 82 76 81 955 
14:10 82.25 75 80 980 
14:20 81.75 75 79 973 
14:30 81.5 75 79 975 
14:40 81.5 76 79 975 
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N.4 Boiler Temperature Comparison of Adjusted (Lowered) Troughs 
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N.5 Temperature Tests with Convection/Radiation Envelope 
  
4/30/2012 Temperature Test with Envelope  5/1/2012 Temperature Test with Envelope 
Mass Flow Rate = 0.100 kg/s  Mass Flow Rate = 0.100 kg/s 
Time 
Boiler 
Temp 
(°C) 
Trough 
Inlet 
(°C) 
Trough 
Outlet 
(°C) 
Irradiance 
(W/m2)  Time 
Boiler 
Temp 
(°C) 
Trough 
Inlet 
(°C) 
Trough 
Outlet 
(°C) 
Irradiance 
(W/m2) 
12:40 33 34 37 986  10:30 25.25 26 44 965 
12:55 40.25 38 42 995  10:40 34.5 35 39 982 
13:00 43 42 47 992  10:50 40 38 41 964 
13:10 46.75 45 50 950  11:00 44.75 43 48 980 
13:20 50.5 48 53 968  11:10 48.25 47 51 1007 
13:30 53.75 51 55 948  11:20 51 48 53 994 
13:40 56.75 54 59 993  11:30 55 52 56 1003 
13:50 59.75 56 60 806  11:40 57.75 54 59 999 
14:00 61.75 57 62 1014  11:50 61.25 57 62 1015 
14:10 63.25 59 63 638  12:00 63.25 58 64 1008 
14:20 64.75 60 65 930  12:10 66 59 64 993 
14:30 66.75 62 66 743  12:20 67.5 60 66 997 
14:40 67 61 64 780  12:30 70 63 68 977 
14:50 66.5 58 60 670  12:40 71.5 63 68 1004 
15:00 65 56 58 870  12:50 73 64 70 974 
15:10 64.25 57 59 353  13:00 73.25 65 70 979 
15:20 63 55 56 1062  13:10 75 67 72 980 
      13:20 75 66 70 978 
      13:30 75 68 73 935 
      13:40 75 68 72 887 
      13:50 74.5 68 71 932 
      14:00 74 67 70 882 
      14:10 72.25 65 67 877 
      14:20 72 65 67 920 
      14:30 71.5 66 68 861 
      14:40 70 64 65 880 
      14:50 68.25 60 62 924 
      15:00 67 61 62 820 
      15:10 65 60 62 907 
      15:20 64 57 58 900 
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5/2/2012 Temperature Test with Envelope 
Mass Flow Rate = 0.100 kg/s 
Time Boiler Temp (°C) 
Trough Inlet 
(°C) 
Trough 
Outlet Irradiance 
10:00 24.25 30 34 906 
10:10 25.5 38 41 876 
10:20 33.25 50 55 869 
10:30 38.25 60 65 850 
10:40 44.5 65 70 907 
10:50 50.5 70 76 844 
11:00 54.25 73 80 885 
11:10 57.75 74 81 863 
11:20 60 71 78 917 
11:30 61.5 75 80 854 
11:40 62.75 75 81 875 
11:50 63 77 83 855 
12:00 64 74 80 880 
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N.6 Boiler Temperature Comparison with Convection/Radiation Envelope 
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N. 7 Temperature Tests of Target EES Model Flow Rate 
 
5/5/2012 Temp Test with EES Flow Rate  5/6/2012 Temp Test with EES Flow Rate 
Mass Flow Rate = 0.015 kg/s  Mass Flow Rate = 0.015 kg/s 
Time Boiler Temp (°C) 
Trough 
Inlet (°C) 
Trough 
Outlet (°C) 
Irradiance 
(W/m2)  Time 
Boiler 
Temp (°C) 
Trough 
Inlet (°C) 
Trough 
Outlet 
(°C) 
Irradiance 
(W/m2) 
11:40 29.25 38 54 959  10:30 32.75 29 46 964 
11:50 35 38 48 957  10:40 38 37 56 968 
12:00 37.25 37 50 980  10:50 41.75 39 61 972 
12:10 41.5 41 57 960  11:00 47 44 67 977 
12:20 44.5 42 54 977  11:10 50 45 67 980 
12:30 48 44 63 970  11:20 53.5 47 78 968 
12:40 51 48 62 960  11:30 57 50 73 988 
12:50 54 50 69 986  11:40 59.5 53 85 970 
13:00 56.75 52 70 984  11:50 63.5 56 82 967 
13:10 59.75 54 74 997  12:00 66.25 58 86 995 
13:20 63.25 57 74 989  12:10 68.75 58 91 966 
13:30 66.5 59 78 998  12:20 70.5 60 88 998 
13:40 67.5 61 80 980  12:30 73 61 98 975 
13:50 69.5 61 75 1002  12:40 75.5 63 92 990 
14:00 72 65 83 1001  12:50 78 66 103 981 
14:10 73.75 63 79 981  13:00 80.25 68 92 994 
14:20 74.25 66 88 1003  13:10 82 68 105 986 
14:30 77.25 68 84 991  13:20 84 69 98 997 
14:40 78.75 70 90 991  13:30 85.5 72 108 1008 
14:50 80.25 70 86 982  13:40 87.25 72 107 1015 
15:00 81.5 72 94 999  13:50 88.25 72 106 994 
15:10 83 73 87 980  14:00 89 72 107 1000 
15:20 83.25 73 91 982  14:10 80 69 100 997 
15:30 84 74 93 980  14:20 87 63 101 996 
15:40 85.25 74 90 970  14:30 85.5 58 85 990 
15:50 85 74 91 973  14:40 83.5 55 74 1000 
16:00 85.5 74 84 956  
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5/8/2012 Temp Test with EES Flow Rate 
Mass Flow Rate = 0.015 kg/s 
Time Boiler Temp (°C) 
Trough 
In (°C) 
Trough 
Out (°C) 
Irradiance 
(W/m2) 
10:20 26.5 27 43 977 
10:30 31.25 31 55 982 
10:40 37 35 57 992 
10:50 41.75 40 62 1002 
11:00 47.5 46 71 985 
11:10 50 46 80 995 
11:20 54.54 50 82 980 
11:30 58.25 54 83 964 
11:40 61.5 56 79 975 
12:30 72.25 66 81 997 
12:40 74 67 80 963 
12:50 76 71 87 951 
13:00 78.5 73 86 1010 
13:10 81.25 74 89 1002 
13:20 84 78 94 984 
13:30 85.5 80 94 1013 
13:40 88.25 81 97 1000 
13:50 89.75 82 94 990 
14:00 91 84 99 990 
14:10 93 84 94 985 
14:20 94.25 84 97 999 
14:30 95.25 85 95 953 
14:40 95 83 86 612 
14:50 92.5 80 84 990 
15:00 91.5 78 81 997 
15:10 90 80 84 1022 
15:20 89 78 78 842 
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N.8 Boiler Temperature Comparison of Target EES Flow Rate 
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Appendix O: Arduino Code 
 
// AQUA TEAM Control System 2012 
// Solar Water Purification System 
// Controls the system components through the use of sensors 
// rev D -- updated 04/19/12 
 
#include "max6675.h" 
#include <LiquidCrystal.h> 
 
// LCD Display 
LiquidCrystal lcd(A0, A1, A2, A3, A4, A5);  // LCD pins 
 
// Thermocouple 
int thermoDO = 50;  // data out for MAX6675 thermocouple 
int thermoCS = 48;  // CS for MAX6675 
int thermoCLK = 52;  // clock for MAX6675 thermocouple 
MAX6675 thermocouple(thermoCLK, thermoCS, thermoDO); 
int vccPin = 46;  // vcc for MAX6675 thermocouple 
int gndPin = 44;  // gnd for MAX6675 thermocouple 
 
// Photocell 
int photocellPin = A8;  // connected to cadmium sulfide photocell 
int photocellReading;  // analog reading from the photocell 
 
// Vapor Pump 
int vaporpump = 10;  // connected to vapor pump transistor 
int gndPin1 = 12;  // ground for vapor pump transistor 
 
// HTF Pump 
int htfpump = 11;  // connected to htf pump transistor for pwm 
int gndPin2 = 15;  //ground for htf pump transistor 
int LEDPin4 = 38;  //HTF LED 
int LEDPin4gnd = 39; // gnd for HTF LED 
 
// Float Switch 
int vccPin3 = 9;  // vcc for top float switch 
int gndPin3 = 8;  // gnd for top float switch 
int top = 7;  // top float switch digital read 
int topswitch;  // value for top float switch, 0 = open switch, 1 = closed switch 
int vccPin4 = 6;  // vcc for bottom float switch 
int gndPin4 = 5;  // gnd for bottom float switch 
int bottom = 4;  // bottom float switch digital read 
int bottomswitch;  // value for bottom float switch, 0 = open switch, 1 = closed switch 
int val;  // sum of top and bottom 
 
// Float Switch LEDs                                                     
int LEDPin1 =32;  // Float switch indicator LED 1    
int LEDPin2 =34;  // Float switch indicator LED 2     
int LEDPin3 =53;  // Float switch indicator LED 3    
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int LEDPin1gnd = 33;  // gnd for LED 1 
int LEDPin2gnd = 35;  // gnd for LED 2 
int LEDPin3gnd = 37;  // gnd for LED 3 
 
// Solenoid Valve 
int solenoidvalve = 30;  // connected to solenoid valve transistor 
int gndPin5 = 2;  // gnd for solenoid valve transistor 
int LEDPin5 = 42 ;  // LED for solenoid 
int LEDPin5gnd = 41;  // gnd for solenoid LED 
 
// Potentiometer 
int potpin = A7;  // analog read for potentiometer 
int vccPin6 = 26;  //vcc for potentiometer 
int gndPin6 = 28;  //gnd for potentiometer 
int potval;  // analog value for potentiometer 
 
// Fan 
int fan = A15;  // connected to fan transistor 
int gndPin7 = 31;  // gnd for fan transistor 
 
void setup() { 
Serial.begin(9600); 
// Set Arduino MEGA 2560 Pins 
pinMode(vccPin, OUTPUT); digitalWrite(vccPin, HIGH); 
pinMode(gndPin, OUTPUT); digitalWrite(gndPin, LOW); 
pinMode(gndPin1, OUTPUT); digitalWrite(gndPin1, LOW); 
pinMode(gndPin2, OUTPUT); digitalWrite(gndPin2, LOW); 
pinMode(vccPin3, OUTPUT); digitalWrite(vccPin3, HIGH); 
pinMode(gndPin3, OUTPUT); digitalWrite(gndPin3, LOW); 
pinMode(vccPin4, OUTPUT); digitalWrite(vccPin4, HIGH); 
pinMode(gndPin4, OUTPUT); digitalWrite(gndPin4, LOW); 
pinMode(gndPin5, OUTPUT); digitalWrite(gndPin5, LOW); 
pinMode(vccPin6, OUTPUT); digitalWrite(vccPin6, HIGH); 
pinMode(gndPin6, OUTPUT); digitalWrite(gndPin6, LOW); 
pinMode(gndPin7, OUTPUT); digitalWrite(gndPin7, LOW); 
pinMode(fan, OUTPUT); 
pinMode(top, INPUT); 
pinMode(bottom, INPUT); 
pinMode(LEDPin1, OUTPUT); digitalWrite(LEDPin1, LOW); 
pinMode(LEDPin2, OUTPUT); digitalWrite(LEDPin2, LOW); 
pinMode(LEDPin3, OUTPUT); digitalWrite(LEDPin3, LOW); 
pinMode(LEDPin4, OUTPUT); digitalWrite(LEDPin4, LOW); 
pinMode(LEDPin5, OUTPUT); digitalWrite(LEDPin5, LOW); 
pinMode(LEDPin1gnd, OUTPUT); digitalWrite(LEDPin1, LOW); 
pinMode(LEDPin2gnd, OUTPUT); digitalWrite(LEDPin2, LOW); 
pinMode(LEDPin3gnd, OUTPUT); digitalWrite(LEDPin3, LOW); 
pinMode(LEDPin4gnd, OUTPUT); digitalWrite(LEDPin4, LOW); 
pinMode(LEDPin5gnd, OUTPUT); digitalWrite(LEDPin5, LOW); 
 
lcd.begin(20,4);  // LCD size 
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// wait for MAX6675 chip to stabilize 
delay(500); 
} 
 
void loop() {  
// analog photocell reading 
photocellReading = analogRead(photocellPin);  // get analog reading 
 
// vapor pump control   
if (thermocouple.readCelsius() >= 100 && photocellReading >= 500) {  // adjust strike 
temperature and photocell reading 
  digitalWrite(vaporpump, HIGH);  // turn on vapor pump 
} 
 
else  { 
  digitalWrite(vaporpump, LOW);  // turn off vapor pump 
} 
 
// htf pump control 
if(photocellReading > 500)  {  // adjust strike photocell reading      **** change to >600 **** 
  potval = analogRead(potpin);  //  analog reading for potentiometer 
  potval = map(potval, 0, 1023, 255, 0);  //  map analog reading to 8-bit 
  digitalWrite(htfpump, HIGH);  //  turn on HTF pump 
  analogWrite(fan, potval);  // output pwm for fan speed 
  digitalWrite(LEDPin4, HIGH);  // turn HTF LED on 
  
  delay(15); 
} 
else  { 
  digitalWrite(htfpump, LOW);  // turn off htf pump 
  digitalWrite(LEDPin4, LOW);  // turn HTF LED off 
} 
 
// Solenoid Valve Control 
 topswitch = digitalRead(top);  // value for top float switch, 0 = open switch, 1 = closed switch 
 bottomswitch = digitalRead(bottom);  // value for bottom float switch, 0 = open switch, 1 = 
closed switch 
 val = topswitch + bottomswitch;  // add top and bottom float switch values 
 
if (val == 2) {  // if both switches are closed (Max Water Level)  
  digitalWrite(solenoidvalve, LOW);  // close solenoid valve 
  digitalWrite(LEDPin1, HIGH);  // All LEDs on, indicating boiler is full. 
  digitalWrite(LEDPin2, HIGH); 
  digitalWrite(LEDPin3, HIGH); 
  digitalWrite(LEDPin5, LOW);  // solenoid LED off 
} 
if (val == 1) {  // if one switch is open (Moderate Water Level) 
  digitalWrite(LEDPin1, LOW);  //LEDs 2 & 3 on, indicating boiler is draining. 
  digitalWrite(LEDPin2, HIGH); 
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  digitalWrite(LEDPin3, HIGH);  
} 
if (val == 0) {  // if both switches are open (Low Water Level) 
  digitalWrite(solenoidvalve, HIGH);  // open solenoid valve 
  digitalWrite(LEDPin1, LOW);  //LED 3 on, indicating boiler is empty/filling 
  digitalWrite(LEDPin2, LOW); 
  digitalWrite(LEDPin3, HIGH); 
  digitalWrite(LEDPin5, HIGH);  // solenoid LED on 
} 
 
// Print the current temp, analog photocell reading, switch values, sum, and valve setting 
Serial.print("\n"); 
Serial.print("Boiler Temperature = ");  
Serial.print(thermocouple.readCelsius()); 
Serial.print(" C"); 
Serial.print("\t"); 
Serial.print("Photocell Reading = "); 
Serial.print(photocellReading);  // raw analog reading 
Serial.print("\t"); 
Serial.print("   top switch: "); 
Serial.print(topswitch); 
Serial.print("   bottom switch: "); 
Serial.print(bottomswitch);  
Serial.print("   sum: "); 
Serial.print(val); 
Serial.print("   potval: "); 
Serial.print(potval); 
 
// LCD Formatting 
lcd.setCursor(0,0);  // line 1, left margin (column, row) 
lcd.print("***AQUA TEAM 2012***"); 
lcd.setCursor(0,1);  // line 2, left margin 
lcd.print("Boiler Temperature"); 
lcd.setCursor(0,2);  // line 3, left margin 
lcd.print(thermocouple.readCelsius());  // print thermocouple reading 
lcd.setCursor(6,2);  // line 3, block 7 
lcd.print("C"); 
 
 if (val == 2) { 
  Serial.print("\t"); 
  Serial.print("--  Solenoid Valve Closed"); 
} 
else if (val == 0) { 
  Serial.print("\t"); 
  Serial.print("--  Solenoid Valve Open"); 
}   
 
delay(1000); 
 
} 
